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Circadian organization of lipid landscape is
perturbed in type 2 diabetic patients
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Sinturel et al. report that 8% of the lipid
metabolites in human serum and
subcutaneous adipose tissue follow
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diabetic and type 2 diabetic (T2D)
individuals reveals massive temporal and
tissue-specific alterations of the lipid
homeostasis in T2D that should be
considered in clinics.
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SUMMARY

Lipid homeostasis in humans follows a diurnal pattern in muscle and pancreatic islets, altered upon meta-
bolic dysregulation. We employ tandem and liquid-chromatography mass spectrometry to investigate daily
regulation of lipid metabolism in subcutaneous white adipose tissue (SAT) and serum of type 2 diabetic (T2D)
and non-diabetic (ND) human volunteers (n = 12). Around 8% of =440 lipid metabolites exhibit diurnal rhyth-
micity in serum and SAT from ND and T2D subjects. The spectrum of rhythmic lipids differs between ND and
T2D individuals, with the most substantial changes observed early morning, as confirmed by lipidomics in an
independent cohort of ND and T2D subjects (n = 32) conducted at a single morning time point. Strikingly, me-
tabolites identified as daily rhythmic in both serum and SAT from T2D subjects exhibit phase differences. Our
study reveals massive temporal and tissue-specific alterations of human lipid homeostasis in T2D, providing
essential clues for the development of lipid biomarkers in a temporal manner.

INTRODUCTION and muscle lipid species exhibits daily rhythmicity.>® The lipid

landscape and function are highly tissue-specific at all levels of

Recent advances in lipidomic approaches have greatly expa-
nded our knowledge regarding the extent and complexity of lipid
dysregulation in metabolic diseases. Under homeostatic condi-
tions, the circadian system, comprising a central clock located
in the suprachiasmatic nuclei of the hypothalamus and periph-
eral clocks in the organs, ensures the temporal regulation of
the body’s metabolism." Peripheral oscillators situated in the
liver, muscle, and white adipose tissue function in concert with
the central clock to orchestrate glucose, protein and lipid meta-
bolism.' Consequently, a significant fraction of the human serum
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their activities, including energy storage, cellular membrane or-
ganization and signaling.” Metabolic disorders such as obesity
and type 2 diabetes (T2D) have reached pandemic proportions
in modern society characterized by irregular eating patterns,
shifted work schedules, and recurring jetlag.'®'? Emerging evi-
dence indicates a reciprocal connection between altered lipid
homeostasis, perturbation of circadian oscillators, and T2D pa-
thology."®™'° Lipidomic analyses of the human skeletal muscle
upon circadian misalignment revealed a significant remodeling
of lipid homeostasis,'® along with a decrease in muscle insulin
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sensitivity.'* Our recent temporal lipidomic profiling of human
pancreatic islets derived from non-diabetic (ND) and T2D donors
revealed both global and temporal alterations in phospho- and
sphingolipids that were associated with decreased cellular
membrane fluidity in T2D islets and compromised insulin secre-
tion.'® At present, deep circadian lipidome profiling of metabol-
ically active tissues is scarce. Considering the tight interaction
between circadian rhythm and lipid metabolism, identification
of tissue- and time-specific lipid signatures is urgently required.
Here, we investigated the temporal profiles of a wide spectrum of
serum and subcutaneous white adipose tissue (SAT) lipid me-
tabolites in T2D patients and ND controls by using tandem
mass spectrometry (MS) and liquid chromatography (LC) MS lip-
idomic in two human cohorts. Our study reveals that the global
lipid landscape exhibits significant temporal variations on a daily
basis in a tissue-specific manner, and provides temporal lipid
metabolite signatures in T2D serum and SAT.

RESULTS

Glycerophospholipid and ceramide levels are altered in
the serum of cohort 1 T2D patients

Two groups of six participants each were enrolled in the human
cohort 1: lean ND (control group) and overweight or obese T2D
men (T2D group). For details of human cohort 1, see Figure 1A,
Table S1, the STAR Methods section, and Stenvers et al.'”
Serum lipidomics analyses identified 444 lipid metabolites ac-
ross major lipid classes: phosphatidylethanolamines (PE), phos-
phatidylcholines (PC), phosphatidylinositols (Pl), cardiolipins,
ceramides (Cer), and hexosylceramides (HexCer) (Table S2).
We first compared the lipid levels averaged across four time
points between the control and T2D subjects (Figures 1B-1G
and S1A-S1F). Hierarchical clustering analysis of the top 50
altered lipid metabolites demonstrated a clear separation of
the samples collected from T2D and control donors (Figure 1B).
Overall, Pl and PE lipids, particularly the diacyl ones, were
increased in T2D patient sera, concomitant with a decrease in
PCs and CLs (Figures 1B, 1C, 1E-1G, S1B, and S1C). No signif-
icant changes in the overall amount of metabolites per lipid class
were observed between the groups (Figure 1D). However, the to-
tal amount of ether PCs (PC(O-)) has been decreased in the T2D
group (Figure 1F). Among the upregulated diacyl PE lipids in T2D,
we noticed the increase in all unsaturated PE sub-species, with
the difference in polyunsaturated (PUFA) 2-PE reaching statisti-
cal significance (Figure S1B). CLs showed an overall decrease in
the T2D group, with all CLs exhibiting lower levels compared with
the control group, regardless of their carbon chain length (Fig-
ure S1C). Cers were increased in the T2D group, while the levels
of the HexCers remained comparable in both groups (Figures
1B, 1C, and S1D-S1F).

Temporal profiling of the human serum reveals the most
pronounced differences in the lipid context between
T2D and ND controls at the wake-up (ZT0:00) time

We next analyzed the temporal alterations in serum lipid levels at
the four consecutive time points across 24 h (Figure 2A). Lipid
changes were strongly associated with a collection time point,
revealing time-dependent signatures for several lipid classes
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(Table 1, cohort 1). Indeed, alterations in the sphingolipids and
lysoPCs in the serum of T2D and control subjects have solely
been measured at ZT0:00 (Figures 2B-2F). Notably, most of
the downregulated serum PC lipids at ZT11:00 were ether, rather
than lysoPC, metabolites, as shown by the significant decrease
of this PC subclass in T2D individuals compared with the control
counterparts (Figures S2A and S2B). While alterations in PEs
have only been recorded at ZT11:00 (Figures S2A and S2C),
most of the significantly decreased CLs in the T2D group were
measured at ZT05:30, and to a lesser extent at ZT11:00 (Figures
S2A and S2D).

A high variation in the number of differentially abundant lipids
(DALs) between the two groups has been observed at different
times of the day (Figure 2A). Most striking differences were de-
tected at the wake-up time of the participants (ZT0:00, between
6:30 a.m. and 8:00 a.m., Table S1), with 49 DALs reported at
ZT0:00 compared with 7 at ZT15:30 (Figures 2B, 2C, and S2E).
Furthermore, the principal component analysis (PCA) conducted
at ZT0:00 demonstrated a better separation between the two
groups of subjects, as compared with the PCA analysis conduct-
ed on the lipid levels averaged across all time points (Figures
S1A; and S2F).

Serum lipidome signature that distinguishes T2D
subjects is similar in two independent human cohorts
We next focused on lipid homeostasis alterations upon T2D in
serum of the cohort 1 participants at the early morning time point
ZT0:00 that exhibited the most pronounced changes between
the groups. We have recently conducted lipid landscape ana-
lyses at a single morning time point in serum of T2D and ND
individuals in a larger human cohort, employing the same meth-
odology for the lipid measurements (cohort 2; n = 16 per group)
(Table S3 and Methods'®). In the cohort 2 study, blood samples
were collected between 8 and 10 a.m., following overnight fast-
ing, which roughly corresponds with ZT0:00 in cohort 1. We thus
re-analyzed the lipidomic data from sera obtained from cohort 2
individuals (Table S4) to cross-compare our novel data from
cohort 1 with a similar subset of samples conducted on indepen-
dent cohort 2. For both datasets related to cohorts 1 and 2, we
conducted a differential analysis of lipid abundance and hierar-
chical clustering (Figures 2B, 2C, and 2G-2H). Overall, the alter-
ations in the T2D serum lipidome in both cohorts followed similar
trends, which were characterized by a decrease in several lyso-
PCs and PEs and an increase in Pls (Figures 2B-2D and 2G-2H).
A high number of Cers, dihydroceramides (DHCer) and hexosyl-
dihydroceramides (HexDHCer) were upregulated in the T2D
group of the cohort 1, resulting in a trend for a total DHCer in-
crease and significant upregulation of the total HexDHCer levels
(Figures 2B-2F). Similarly, we report an upregulation of sphingo-
lipids in the cohort 2 T2D group, notably of DeoxCers that were
only analyzed in this cohort (Figure 2H). Due to the larger size of
the cohort 2 compared with cohort 1, the differences observed in
cohort 2 reached higher significance (Figures 2B and 2H). Note-
worthy, while cohort 1 is only composed of male subjects, the
cohort 2 is balanced regarding the sex of the participants (Tables
S1 and S3). A comparison between the lipid context in the sam-
ples obtained from male and female sub-cohorts of the cohort 2
revealed striking differences (Figure S3). Indeed, we report
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Figure 1. Serum lipidome from T2D and control donors
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(A) Study design summary. Asterisks indicate the hourly intake meals. Sampling times are indicated in red and represented by blood and tissue vials.
(B) Hierarchical clustering analysis of top 50 serum lipids with most contrasting patterns between T2D and control subjects.
(C) Volcano plot of the DALs between T2D and control donors. Colored dots highlight significant up- or down-regulated individual lipids (fold change >1.5 and

p < 0.05, Welch’s corrected).
(D) Lipid class repartition in serum from control ND and T2D donors (mol %).

(E-G) Relative serum PI (E), PC (F), and PE (G) levels (mol %) in T2D and control donors. Lipids are clustered according to the nature of the fatty acid linkage (diacyl
vs. alkyl-acyl [ether] or monoacyl [lyso]). Statistics for (D-G) are unpaired t tests with Welch’s correction. For (B-D), lipid levels measured across time points were
averaged. Data for T2D and control subjects (n = 4 per group) are represented as mean + SEM. *p < 0.05. See also Figure S1.

substantial variations in the lipid classes and number of lipid me-
tabolites that were differently abundant between T2D and con-
trol samples in males versus females (Figure S3). When male
sub-cohort of the cohort 2 was compared with the cohort 1,
the upregulation of Cers and HexCers in the T2D group was fully
recapitulated (Figures 2B, 2C, S3A, and S3B). In contrast,
DeoxCers were significantly enriched in the sera of the T2D fe-
male sub-cohort 2 compared with their control counterparts

(Figures S3C and S3D), suggesting that T2D-associated lipido-
mic fingerprints in the serum are sex-dependent.

Temporal analyses of SAT lipidome highlight elevated PI
and DHCer levels in T2D subjects, with the most
pronounced differences at ZT05:45

We next examined the lipid landscape in SAT collected from T2D
and control subjects at 4 time points across 24 h (Table S5),
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Table 1. Time-specific alterations in major lipid classes upon T2D in serum and SAT

Time points
ZT15:30 ZT0:00 ZT05:30 ZT11:00
Tissue cohort 1 cohort 1 cohort 2 cohort 1 cohort 1
Serum 1 PI 1 Pl | CL 1 PE
1 DHCer 1 DeoxCer 1 Diacyl PC
1 HexDHCer | LysoPC 1 CL
| LysoPC | Ether PC
SAT TPl TPl 1 Lyso/Ether PI 1 Ether PI
1 DHCer 1 DHCer 1 DeoxCer
1 LysoPC 1 HexCer | PE

1Long-chain PUFA TAGs

Up and down arrows indicate increased and decreased levels, respectively.

mirroring the blood sampling. Similar to the averaged serum lipid
analyses (Figures 1B-1G and S1A-S1F), comparison of the SAT
lipids averaged across the time points did not reveal significant
changes in overall amounts per lipid class (Figures S4A-S4D).
The number of DALs was lower in SAT compared with sera
(Figures 1B, 1C, 3A, and 3B). Out of all DAL, a large fraction
(17/22) was upregulated, while only a minor fraction (5) was
downregulated. Concomitant decrease of PCs and increase in
several Pls and DHCers was observed in T2D participants
compared with the controls (Figures 3A-3D and S4C). Interest-
ingly, we noticed a trend to decrease in the PUFA-PEs content
in the T2D SAT, along with an elevated PC/PE ratio (Figures
S4E and S4F).

Of note, the observed lipid alterations were consistent with the
altered mRNA levels encoding for the key enzymes of lipid meta-
bolism that we previously measured on SAT samples from
cohort 1.7 Indeed, AGPAT9 and the ceramidase ACER2 were
downregulated in the T2D SAT (Figures S4G and S4H), in an
agreement with the decreased levels of Lyso- and diacyl-PCs
and increased amounts of DHCers observed in the same sam-
ples (Figures 3C and 3D). Similarly, PEMT encoding for the key
enzyme in the PE to PC conversion was upregulated in T2D sam-
ples (Figure S4l), in an agreement with the observed altered PC/
PE ratio in the diseased samples (Figure S4F).

Similar to the serum analyses, temporal analysis of the SAT
DALs at individual time points detected highly time-dependent
lipid signatures (Figures 3E and 3F; Table 1). The highest number
of DALs was measured at ZT05:45, corresponding with midday,
and the lowest at ZT15:30, just before bedtime (Figures 3F and

S4J). The tendency for upregulation of Pls and DHCers has
been observed in T2D samples across most of time points (Fig-
ures 3F and S4J-S4N), with the overall amount of DHCers being
significantly upregulated at ZT05:45 only (Figure S4K). The total
amount of Pls was upregulated in the T2D group, with ether lipid
family showing the most significant upregulation (Figures S4J,
S4M, and S4N). Additionally, HexDHCers were upregulated at
ZT05:45 (Figure S4K), whereas several PCs showed increased
levels at ZT00:15 (Figure 3F). Among the downregulated species
at ZT11:15, amajority belonged to PEs, along with few Pl and PC
species (Figures 3F and S4J).

Identification of daily rhythmic lipid metabolites in
serum and SAT

To investigate the diurnal rhythmicity of lipid metabolites in hu-
man serum and SAT, we analyzed the temporal profiles of the
lipids identified at the four time points. Strikingly, the overall
amount of metabolites exhibited comparable temporal patterns
in serum and SAT, with a nadir around ZT0:00 (Figures 4A and
4B). Temporal lipid profiles from control and T2D individuals
largely overlapped, although control serum lipids showed a
greater amplitude of diurnal variations compared with those
from the T2D counterpart (Figure 4A). To assess whether the
observed diurnal variations of lipid metabolites qualified as daily
rhythmic, we applied two algorithms used for circadian rhythm
detection that allow to analyze unevenly time-distributed sam-
ples: Lomb-Scargle (LS) periodogram'® and CosinorJ.”® Where-
as Cosinord has been developed for rhythmic analyses of serial
samples with low and possibly uneven temporal resolution® and

Figure 2. Temporal variations in the serum lipidome from T2D and control donors
(A) Around-the-clock analysis of the serum DALs between T2D and control donors conducted separately in each time point.

collected between 8:00 a.m. and 10:00 a.m.

B) Volcano plot of the serum DALs collected at ZT00:00 between T2D and control donors.

C) Hierarchical clustering analysis of top 50 serum lipids with most contrasting patterns between T2D and control subjects at ZT00:00.

D) Lipid class repartition in sera collected at time point ZT00:00 from control and T2D donors (mol %).

E) Relative levels (mol %) of DHCer, Cer, HexDHCer, and HexCer in sera collected at ZT00:00 from T2D and control donors.

F) Relative Cer levels (mol %) in sera collected at ZT00:00 from T2D and control donors, represented according to the chain length.

G) Hierarchical clustering analysis of top 25 serum lipids with most contrasting patterns between T2D and controls (n = 16 per group) from cohort 2. Sera were

(H) Volcano plot of the serum DALSs collected between 8:00 a.m. and 10:00 a.m. from cohort 2 T2D and control subjects (n = 16 per group). Statistics for (D-F) are
unpaired t tests with Welch’s correction. For the panels (A-F), data are represented as mean + SEM. *p < 0.05 (n = 4 per group). For the volcano plots (B, H),
colored dots highlight significant up- or down-regulated individual lipids (fold change > 1.5 and p < 0.05, Welch’s corrected). See also Figures S2 and S3.
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is thus mostly appropriate for the presented here dataset ana-
lyses, LS is a very stringent algorithm that is in principle sub-
optimal for qualifying circadian rhythmicity in datasets with low
time resolution.”’ Indeed, while CosinorJ alone qualified a large
portion of lipids as daily rhythmic (13%-40% depending on the
tissue and participant), LS detected no significantly rhythmic
species in our datasets (Table S6). We thus selected the top 50
lipid metabolites with the lowest p values obtained by the LS an-
alyses. Venn analyses combining both algorithms (Figure 4C) al-
lowed to select the lipids that were both significantly rhythmic
according to Cosinord and had the lowest p values based on
the LS algorithm. The resulting commonly identified metabolites
were qualified daily rhythmic (STAR Methods) (Figure 4C and
Table S6). Based on the combined LS and CosinorJ analyses,
we calculated the percentage of oscillating lipids per tissue
and per group of participants. On average, we detected a slightly
higher percentage of oscillating lipids in SAT (= 8.5%) compared
with the serum (=7.5%) for both groups (Figures 4D and S5A-
S5D). The distribution of rhythmic lipids indicated that certain
lipid classes were preferentially subjected to daily oscillations
(Figures S5A-S5D). In serum, PEs, Pls, CLs, and the sphingoli-
pids were particularly enriched with rhythmic species in both
groups, although the cyclic PE species were less represented
in T2D (Figures S5A and S5C). In SAT, a large number of sphin-
golipids qualified as rhythmic, with some differences between
the T2D and controls (Figures S5B and S5D). Indeed, looking
at the repartition of the rhythmic lipids within their corresponding
lipid class, we observed that the SM contained a higher percent-
age of oscillating lipids in both T2D SAT and serum (Figure 4E). In
contrast, the fraction of oscillating HexCers differed between the
subject groups and tissues, with a higher percentage of rhythmic
HexCers observed in the control SAT (Figure 4E). Furthermore,
averaged temporal profiles largely varied across the lipid clas-
ses, depending on both tissue and study group (Figures S5E-
S5H). Noteworthy, the most abundant phospholipids (PC, PE,
and PI) exhibited a clear tendency to peak around ZT11:00-
15:30 and decrease at ZT0:00 across study groups and tissues,
except for the control SAT (Figures S5E-S5H).

HexCer lipids show diurnal accumulation in ND
individuals

Zooming into the diurnal lipid variations in each tissue and group
of donors independently, we observed a significant diurnal pro-
file of the average HexCer lipids in the control sera (Figure 4F).
The temporal profiles of individual HexCer exhibited high vari-
ability, with the HexCers C30, C34, and C42 qualified as daily
rhythmic (Figure 4G). In the control group, ether phospholipids
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exhibited rhythmicity, with ether PE sub-class being significantly
rhythmic (Figure 4H), and PI(O-)38:1 oscillating in the serum of
three of the four subjects (Figure 4l). Turning to the SAT, although
the average HexCer profile did not qualify as significantly rhyth-
mic (Figure S5G), abundant HexCer metabolites C32 and C42
(Figure S4D) qualified as oscillating in the control group (Fig-
ure 4J), similar to the trend observed in serum. Temporal profiles
of SAT PCs varied depending on their saturation degree, with
monounsaturated fatty acid (MUFA) and PUFA 3-PC metabolites
accumulating in a diurnal manner reaching a peak at ZT05:45
(Figure 4K).

In T2D subjects, the diurnal lipid signature is tissue
specific

The spectrum of rhythmic lipid classes differed between T2D and
control groups. In T2D individuals, PE lipids exhibited compara-
ble temporal profiles in serum and SAT, regardless of their de-
gree of saturation (Figures S51 and S5J). In T2D SAT, the daily
accumulation of PCs and PEs was comparable (Figures 4K
and S5J). Notably, the PUFA/MUFA ratio significantly oscillated
throughout the day for PCs and PEs (Figure 4L). In the serum, the
overall temporal accumulation of SMs showed a daily rhythm,
with the majority of SMs peaking at ZT0:00 as exemplified by
SM44.:0 (Figures 4M and 4N). Similarly, we observed a significant
enrichment of some ceramides in the sera collected at ZT0:00
(Figure 40). In summary, SM and Cer lipids showed daily
rhythms in serum but not in T2S SAT, whereas PCs and PEs ex-
hibited similar temporal variations in the two tissues.

The differences in diurnal phase of PC and PE lipids
between T2D and control individuals are influenced by
their degree of saturation

The temporal analyses conducted separately for each tissue and
study group revealed that PEs, and to a lesser extent PCs, were
oscillating under several conditions (Figures S5E-S5J). Strik-
ingly, daily rhythmic profiles of PC and PE lipids reached their
maximal levels at different time points in the serum and SAT of
control donors (Figures 5A, S51, and S5J). In contrast, the PC
and PE temporal profiles largely overlapped between T2D serum
and SAT (Figure 5B). Major differences between control and T2D
groups were observed depending on the lipid saturation degree.
Indeed, MUFA and PUFA 3-PC were significantly rhythmic in
T2D and control SAT; however, their oscillation peaks were
strongly shifted between T2D and controls (Figure 5C). Similarly,
the rhythmicity of the PE lipids varied depending on the satura-
tion degree and the donor group. In serum, saturated fatty acyl
(SFA) and MUFA-PE exhibited comparable temporal profiles

Figure 3. Temporal variations in the SAT lipidome from T2D and control donors
(A) Hierarchical clustering analysis of top 50 SAT lipids with most contrasting patterns between T2D and control subjects.

(B) Volcano plot of the DALs between T2D and control SAT.

(C) Relative PC levels (mol %) in T2D and control SAT. Lipids are clustered according to the nature of the fatty acid linkage (diacyl vs. alkyl-acyl [ether] or monoacyl

[lyso]).

(D) Relative levels (mol %) of DHCer, Cer, HexDHCer, and HexCer in T2D and control SAT.

(E) Analysis of the SAT DALs between T2D and control at the four time points.

(F) Volcano plot of the DALs between T2D and control SAT at the indicated time points. Data for (A-D) represent the average across time points. Data for (C and D)
are presented as mean + SEM and statistics are unpaired t test with Welch’s correction. *p < 0.05. For the volcano plots (B and F), colored dots highlight significant
up- or down-regulated individual lipids (fold change >1.5 and p < 0.05, Welch’s corrected). See also Figure S4.
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(except at ZT11:00) in T2D and controls, although SFA-PE
showed significant daily rhythms for the control group only,
and the MUFA-PE for the T2D group (Figures 5D and S5I). In
contrast, PUFA 2-3-PE peaks were shifted between the control
and T2D SAT samples, with a maximal enrichment at ZT05:45
and between ZT11:15 and 15:30, respectively (Figure 5E).

Key enzymes of lipid metabolism exhibit diurnal mRNA
expression profiles in SAT samples that are altered in
T2D

Importantly, the diurnal transcriptome study conducted by us
previously on SAT samples from cohort 1 revealed that a subset
of genes, including those related to adipogenesis, was qualified
as diurnal rhythmic in the control subjects, but lost their rhyth-
micity in T2D."” Thus, the expression profile of ACER2 that ex-
hibited diurnal rhythmicity in control SAT biopsies was flattened
(Figure S4H) and overall diminished in T2D counterpart (Fig-
ure S5K). Furthermore, AGPAT2, a key enzyme in the de novo
biosynthesis of all phospholipids, as well as the fatty acid elon-
gase ELOVLS5, involved in the synthesis of long-chain MUFA
and PUFA, exhibited rhythmic gene expression in the control
SAT with the trough around ZT0:00 (Figures S5L-S5M). Further-
more, the rhythmic profile of AGPAT2 in the control SAT corrob-
orated the temporal variations of the total lipids measured in our
study (Figure 4B). The rhythmicity of AGPAT2 expression was
attenuated in the SAT from T2D subjects (Figures S5G-S5H).
ELOVL5, which was also identified as daily rhythmic in human
skeletal muscle biopsies from ND subjects,® acts specifically
toward PUFA acyl-CoA.?*?® Thus, the diurnal changes in the
expression of this enzyme may account for the temporal phase
differences of the PUFA PE and PC lipids observed upon T2D
(Figures 4K, 5C, 5E, and S5J). Overall, the reported rhythmicity
of the genes encoding for the key enzymes of the lipid biosyn-
thesis and its alterations upon T2D may corroborate, at least in
part, the observed lipid changes.
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In T2D subjects, the lipids exhibiting diurnal rhythmicity
in both serum and SAT display phase differences
between the tissues

To further examine the concordance between the rhythmic me-
tabolites in serum and SAT, we analyzed the daily lipid profiles in
both tissues separately for each subject (Figures 5F and 5G). The
number of common rhythmic lipids was low for both T2D and
control individuals, ranging from 0 to 4. Due to inter-individual
variability, none of these lipids was common across all the sub-
jects. Noteworthy, most of the metabolites exhibited compara-
ble temporal profiles in serum and SAT for the control group,
except for HexCer38:2(-H,O) (Figure 5H). In contrast, only
SM44:2 displayed overlapping diurnal patterns in serum and
SAT from the T2D individuals, whereas most of the other com-
mon rhythmic lipid metabolites showed shifted oscillation peak
timings (Figure 5I). Thus, in contrast with control individuals,
most of the common rhythmic lipids identified in T2D subjects
exhibited oscillating patterns that were strongly phase shifted
between serum and SAT.

Absolute levels and temporal profiles of DeoxCers are
altered in SAT of T2D individuals

In agreement with our previous lipidomic study conducted at a
single time point, '® the data presented here highlight the specific
abundance of several DHCer-H,O species in serum and espe-
cially in SAT upon T2D (Figures 2B, 2C, 2H, 3A, 3B, and 3D-
3F). Given that the DHCer-H,O metabolites have the same m/z
ratio as the non-canonical 1-deoxyceramides (DeoxCer) that
we previously identified in large amount in human visceral adi-
pose tissue collected from obese T2D patients, '® we next looked
closer at the abundance and the temporal accumulation of
DeoxCers in the SAT of the cohort 1 participants by LC-MS (Fig-
ure 6A and Table S7). When the measurements conducted at
four time points were averaged, we detected a trend for
increased DeoxCer levels in T2D SAT (Figure 6A). Two-way

Figure 4. Identification of rhythmic lipids in SAT and serum from control and T2D participants

(A and B) Average temporal levels of total lipids in serum (A) and SAT (B) from control and T2D individuals.

(C) Schematic representation of the rhythmic analysis workflow. Lipids were considered oscillating when they were identified among the top 50 most rhythmic
lipids according to LS algorithm, and exhibited a significant oscillation by CosinorJ.

(D) Average percentage of oscillating lipids in serum (left) and SAT (right) from control and T2D groups. Whiskers represent the minimum and maximum values.
(E) Representation of the rhythmic lipid/lipid class percentage of serum (left) and SAT (right) lipids in control and T2D subjects.

(F) Temporal levels of HexCers measured in sera. Red bold trace corresponds to the Z score value of the average profile of HexCer lipids, identified as daily

rhythmic.

(G and H) Average temporal levels of three HexCers (G) and ether Pls, PCs, and PEs (H) measured in control sera. HexCer C30, C34, C42, and ether Pl were

qualified as rhythmic.

(I) Representative example of an ether lipid temporal profile: PI(O-)38:1 identified as rhythmic in three control sera. Colored traces correspond with the donors

exhibiting a diurnal profile of PI(O-)38:1.
(J) Average temporal levels of two rhythmic HexCer lipids measured in SAT.

(K) Average temporal profiles of PCs measured in the SAT of control individuals and sorted by degree of unsaturation, from SFA to PUFA lipids. MUFA and PUFA-3

profiles were identified as daily rhythmic.

(L) Average temporal profiles of PC and PE PUFA/MUFA ratio, where both PC and PE were identified as daily rhythmic in SAT.

(M) Temporal levels of all SMs measured in the T2D sera. Bold trace corresponds with the Z score value of the average profile of all the SM lipids qualified
rhythmic.

(N) Representative example of an SM temporal profile: SM44:0 qualified rhythmic in three T2D sera. Colored traces correspond with the donors exhibiting a
rhythmic profile of SM44:0.

(O) Average temporal profiles of three rhythmic Cers clustered by chain length and measured in T2D sera. Data for (A, B, E, G, H, J, L, and O) are presented as
mean + SEM. Lipid temporal profiles (A, B, and F-O) are represented as normalized Z score values; for (F and M), values were normalized to the lipid mean value
per individual analysis and then averaged across all subjects for each time point. For serum n = 4, for SAT samples n = 6 subjects per group. Sinusoid signs
indicate the graphs where at least one lipid or lipid class is qualified rhythmic. See also Figure S5 and Table S6 for statistical values of the rhythmic lipids.
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ANOVA revealed a significant interaction effect between time of
day and T2D disease, suggesting a differential temporal regula-
tion of DeoxCer lipid abundance between the T2D and control
SAT (Figure 6B). We observed the most striking differences in
the evening (ZT11:15), where nearly all DeoxCers were more
abundant in the T2D SAT compared with the controls. This differ-
ence reached significance for some DeoxCer species (Figures
6C and 6D). Surprisingly, we also noticed a slight decrease of
DeoxCer levels in the T2D samples compared with controls at
ZT00:15 and 05:45 (Figures 6D and 6E). In fact, these variations
resulted from strongly phase-shifted temporal patterns of
DeoxCer accumulation in the two groups of participants (Fig-
ure 6E). Circadian analysis of the individual DeoxCers in each
group revealed four species with significant daily rhythmicity in
the T2D SAT, and one in the control counterpart (Figures 6F
and 6G).

Global and temporal alterations of TAG and DAG levels
in SAT of T2D individuals are associated with their
degree of saturation

TAGs are very abundant glycerolipids in human SAT,?* with their
accumulation being considered a hallmark of obesity. Some TAG
metabolites, in particular those carrying long-chain PUFAs,”
were previously identified as daily rhythmic in human blood
plasma, and to a lesser extent in human skeletal muscle bi-
opsies.”® Employing LC-MS, we measured TAG and DAG levels
in the neutral fraction of the lipid extracts from SAT biopsies
collected around the clock (Tables S8 and S9). When averaged
across all time points, comparable amounts of total TAGs have
been observed in the two study groups (Figure 6H). Interestingly,
the PUFA 6-TAG levels were significantly increased in the T2D
SAT across all the time points, with marked differences for the
long-chain TAG_56 (Figures 61-6K). When analyzed at four
consecutive time points, PUFA 6- and 7-TAGs were identified
as daily rhythmic in the control group, but not in the SAT of the
T2D participants (Figure 6L). Overall temporal profiles of TAGs
did not qualify as significantly rhythmic, likely due to the strong
amplitude and peak time variations on a per-individual basis
(Figure 6M).

Compared with TAGs, DAGs are present in smaller quantities
in the human SAT.?* We observed a comparable abundance of
overall DAGs control and T2D groups (Figure 6N), similar to
TAG lipids (Figure 6H). While only few individual DAG metabo-
lites showed significant changes upon T2D (DAGs 31:0 and
30:2), hierarchical clustering analysis of the top five modified
DAGs allowed for clear discrimination between the samples
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collected from T2D and control donors (Figure 60). These five
DAGs that exhibited lower levels in T2D individuals bore 0 to 2
double bonds, suggesting a lower abundance of saturated
DAGs. The DAG levels did not follow significant rhythmic daily
changes either in the control or in the T2D groups (Figure 6P).
When analyzed separately, saturated DAGs showed significant
daily rhythms in the control SAT (Figure 6Q) that was lost in the
T2D (Figure 6Q).

DISCUSSION

There is emerging evidence that, in a physiological context, the
lipid landscape is subject to diurnal variations in human
serum,”° in the skeletal muscle,?® and in pancreatic islets syn-
chronized in vitro.'® Here we demonstrate that also in SAT, a
fraction of lipid metabolites undergo daily rhythms. Around 8%
of all lipid metabolites across major lipid classes exhibited
diurnal oscillations in SAT, suggesting a widespread rhythmic
control of lipid pathways in this metabolically active tissue. A
similar fraction of lipids bearing significant daily rhythms was
observed in the sera obtained at the same time points from the
same participants. A spectrum of daily oscillating lipids dis-
played a striking difference between serum and SAT (Figures
4A-4E and S5A-S5D). In ND individuals, a previous circadian lip-
idomic study conducted in “constant routine” conditions across
28 h, reported a slightly higher number of oscillating species
(13%) in the serum.” This discrepancy might be explained by dif-
ferences in the time resolution, cohort size, the number of
measured lipids, and different algorithms applied to assess the
lipid rhythmicity. Noteworthy, the study by Chua and colleagues
showed that lipid oscillatory profiles were highly heterogeneous
among the 20 individual subjects analyzed, whereas core body
temperature, salivary melatonin, and plasma cortisol were
comparable across participants.® Similar variability regarding in-
dividual lipid oscillations has been previously observed by us in
human skeletal muscle, along with comparable circadian phase
of core-clock transcripts in the same muscle biopsies.® Here, we
report substantial variations in the number and type of rhythmic
lipid species identified among the individuals in the control
group, despite the standardization of the food intake and
sleep/wake schedules (Figures 4D, 4E, and 5F). The broad distri-
bution of lipid oscillatory profiles among human individuals in
serum is in good agreement with previous works.>>%° Thus,
our lipidomic profiling further highlights the existence of distinct
circadian metabolic phenotypes in SAT across human individ-
uals. While the origin of individual lipid rhythms remains to be

Figure 5. Comparison of SAT and serum rhythmic lipid temporal profiles in control and T2D participants
(A and B) Average temporal levels of total PCs (left) and PEs (right) in serum and SAT samples collected from control (A) and T2D (B) individuals.
(C) Comparison of MUFA-PC (left) and PUFA 3-PC (right) average temporal profiles of control and T2D SAT qualified rhythmic in both groups. See also Figures 4L

and 4Q.

(D) Comparison of average temporal profiles of serum SFA-PE (left, qualified rhythmic in control) and MUFA-PE (right, qualified rhythmic in T2D).
(E) Comparison of PUFA 2-PE (left) and PUFA 3-PE (right) average temporal profiles measured in control and T2D SAT (PUFA-2 PE was qualified rhythmic in

control, and PUFA 3-PE in T2D).

(F and G) Identification of lipids commonly rhythmic in both serum and SAT in the four subjects, either control (F) or T2D (G). Venn diagram represents the number
of the significantly rhythmic metabolites identified in serum, in SAT, and in both, for each participant.

(H and ) Representative examples of lipid profiles identified as rhythmic in both serum and SAT in control (H) and T2D (l) individuals. Data for (A-E, H, and I) e
represented as normalized Z score values, mean + SEM. For serum samples n = 4; for SAT n = 6 subjects per group. Sinusoid signs indicate the graphs where at
least one lipid or lipid class is qualified rhythmic. See also Figure S5 and Table S6 for statistical values of the rhythmic lipids.
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explored, the existence of temporal-, tissue-, and person-spe-
cific metabolic phenotypes must be taken into account in future
human studies of lipid homeostasis.

In our work, overall serum and SAT lipids exhibited comparable
patterns of accumulation across 24 h with a peak at ZT15:30
(Figures 4A and 4B). Among the measured lipid metabolites,
HexCers and ether phospholipids represented the most signifi-
cant daily oscillating serum lipids (Figures 4F-4l). In agreement
with Chua et al., who described a small number of sera plasmal-
ogen PCs as group rhythmic,” we observed a peak concentration
of these lipids in the evening (Figure 4H). In SAT, we discovered
that HexCers, representing a minor fraction of lipids (Figure S4B),
encompassed a high number of rhythmic species (Figures 4E and
S5B). In previous works, HexCers were reported to be rhythmic in
synchronized human pancreatic islets'® and in human skeletal
muscle biopsies, albeit to a lesser extent.>® TAGs and DAGs ex-
hibited milder rhythmicity in SAT, with a peak during evening and
morning hours, respectively (Figures 6M and 6P), in agreement
with the timing of plasma TAG rhythms reported upon constant
routine.® Of note, TAGs were strongly rhythmic in the serum of
ND subjects and exhibited a morning peak,’ further highlighting
the tissue specificity of the lipid rhythmicity.

Turning to the comparison of lipid signatures between control
and T2D subjects, we report global changes in glycerophospho-
lipids that were either specific for serum or SAT, or shared
among the two (Figures 1B, 1C, 3A, and 3B). One common de-
nominator of average lipid landscape across 24 h in both serum
and SAT in T2D subjects is the increase in some Pl species
(Figures 1B, 1C, 3A, and 3B). Altered Pl metabolism has already
been proposed to take part in the development of insulin resis-
tance in rodents.?”*® Our work reveals significantly increased
accumulation of Pls upon T2D in serum and SAT, promoting
the idea that these lipids may contribute to the pathophysiology
of T2D in humans. Notably, some alterations in the balance of
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lipid species upon T2D were observed exclusively in serum or
in SAT, highlighting that lipid signatures associated with the
pathogenesis of T2D are tissue-specific. Regarding the serum
only, the most striking differences between control and T2D sub-
jects encompassed a trend in diacyl PC and PE increase, along
with a significant decrease in PC(O-) in the T2D group (Figures
1B, 1C, 1F-1G, and S1B).

LysoPCs, among other lysophospholipids, represent signaling
molecules that act through G-protein-coupled receptors and are
involved in multiple pathways. Previous studies reported diminu-
tion of LysoPC levels in plasma and skeletal muscle in the
context of obesity/overweight-associated T2D."'®29"** Qur study
demonstrates that, also in SAT of T2D patients, the levels of
LysoPC lipids were decreased (Figure 3C). In view of raised po-
tential of LysoPC metabolites as biomarkers for T2D risk,>
exploring mechanistic insights into the roles of LysoPC lipids in
the pathogenesis of T2D development represents an important
perspective for future studies.>>*¢

DHCers represent an additional group of lipids that has been
proposed as potential biomarkers for T2D.%” In this study, we
report a significant increase of DHCers in the SAT of T2D patients
(Figure 3D). In cohort 2, we reported that some DeoxCer metab-
olite levels were elevated in serum of T2D patients (Figures 2G
and 2H), consistent with other works.'®*%*° Along the same
lines, our LC-MS analysis conducted in the SAT of cohort 1
showed a tendency for a global DeoxCer increase in T2D sub-
jects (Figure 6A). DeoxCers are considered cytotoxic; they
cannot be converted to complex sphingolipids or degraded by
the canonical degradation pathway.**? Thus, elevated levels
of DeoxCers observed during the development of T2D are likely
to contribute to the pathophysiology, although the mechanisms
underlying such cytotoxicity remain unclear.

Beyond the absolute changes, our study of the lipid temporal
profiles in control and T2D subjects revealed that both the

Figure 6. SAT 1-deoxyceramides exhibit differential absolute and temporal levels in control and T2D individuals
(A) LC-MS signals for DeoxCer levels in SAT collected from T2D and control donors. For each donor, total DeoxCers measured across four time points were

averaged. The difference is not statistically significant.

(B) Temporal comparison of DeoxCer levels at four consecutive time points from T2D and control donors. The result of the two-way ANOVA test is indicated in the

figure.

(C) LC-MS signals for DeoxCer measured at ZT11:15 from T2D and control subjects, showing significant abundance of DeoxCer with short chain length in T2D.
(D) Heatmap of DeoxCer log2-transformed fold changes between control versus T2D at each time point.
(E) Temporal levels of total DeoxCer for each subject (T2D, control). Bold traces correspond to the average profile of all participants in each group, not significantly

rhythmic.

(F and G) Average temporal profiles of the DeoxCers qualified rhythmic in control (F) and T2D (G). In the control group, 1-deoxyCer_38:3 was qualified rhythmic,

and 1-deoxyCer_41:3, 1-deoxyCer_37:3, and 1-deoxyCer_40:2 in the T2D.
H) LC-MS signals for TAG levels in T2D and control SAT.

(
(I) LC-MS signals for individual TAGs sorted by number of double bonds and measured in T2D and control SAT.
(J) LC-MS signals for TAG:56 species sorted by number of double bonds and measured in T2D and control subjects.

K) Heatmap of TAGs sorted by number of double bonds, log2-transformed fold changes between control versus T2D individuals at each time point.
L) Average temporal profiles of the TAG lipids bearing six double bonds in T2D and control. The profile was qualified rhythmic in the control.
M) Temporal total TAG levels for each subject. Bold traces correspond to the average profile across all the participants in each group.

O) Hierarchical clustering analysis of top 5 DAGs with most contrasting patterns between T2D and control subjects.
P) Temporal total DAG levels for each subject. Bold traces correspond with the average profile across all the participants in each group.
Q) Average temporal profiles of the DAGs bearing 0 double bond in T2D and control. The profile was qualified rhythmic in the control group. Data for (A-C, F-J, L,

(
(
(
(N) LC-MS signals for DAG levels in T2D and control.
(
(
(

N, and Q) are presented as mean + SEM. Lipid temporal profiles (E-G, L, M, P, and Q) are presented as normalized Z score values. Data for (A, H-J, N, and O)
represent the average of total lipids measured across four time points for each donor. Statistics for (A, C, D, and H-K) are unpaired Student’s t tests with Welch’s
correction p values (n = 6 per group). (*) p < 0.1, *p < 0.05. Sinusoid signs indicate the graphs where at least one lipid or lipid class is qualified rhythmic. See also
Table S6 for statistical values of the rhythmic lipids.
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spectrum of the lipid metabolites and their rhythmicity were
altered in T2D. Remarkable differences have been identified be-
tween the profiles of several lipid classes and lipid metabolites,
accounting for the variations observed in the number of lipids
differentially abundant at each time point (Figures 2A and 3E).
Recent work comparing the temporal distribution of metabolites
conducted in lean, obese, and T2D men demonstrated a differ-
ential pattern of metabolite class distribution across the time
points and between the study groups.®* Recently, temporal
comparison of the muscle metabolome in young healthy and
older metabolically compromised men showed the greatest dif-
ferences between groups at 4 a.m.”® Concordantly, we report
the most substantial changes in serum lipids between the T2D
and control groups at early morning time point, following the
over-night fasting. Given that eating represents a potent clock
synchronizer, one can assume that overnight fasting preceding
the morning blood sampling contributes to the maximum of lipid
differences observed at this time point between the groups.

One striking example of specific temporal changes upon T2D
is the DeoxCer group. Whereas global changes in DeoxCer lipids
did not reach statistical significance in T2D SAT (Figure 6A), a
significant increase in several DeoxCer species has been
observed at ZT11:15 (Figures 6C and Table 1). Indeed, a tempo-
ral analysis of DeoxCer abundance revealed strong diurnal dif-
ferences in the accumulation of the DeoxCers and phase-shifted
profiles of these lipids between the control and T2D groups (Fig-
ure B6E). These pronounced temporal differences likely account
for the lack of significant changes that we observe for lipid
metabolite values averaged across the four time points.

Of note, the circadian transcriptome study conducted by us
previously on SAT samples from cohort 1 showed attenuated
rhythmicity of core-clock gene expression in SAT from T2D indi-
viduals compared with control counterparts.'” Furthermore,
temporal profiles of adipogenesis regulators ACER2, AGPAT2,
and ELOVL5 were robustly rhythmic in the ND but not in T2D
samples (Figures S5K-S5M). Additionally, the expression of
the phosphatidate phosphatase PPAP2, essential for the synthe-
sis of glycerolipids, and of PEMT (Figure S4l), which converts PE
to PC, were upregulated at all time points in the T2D group. This
change may explain the phospholipid level alterations, along
with the trend for higher PC/PE ratio upon T2D (Figures 3A, 3B,
and S4F). Similarly, RNA expression of AGPAT9, the key enzyme
in de novo synthesis of lysophosphatidic acid,*® whose activity is
enhanced by insulin stimulation,***> was downregulated in the
SAT of T2D subjects (Figure S4G). It is thus plausible to hypoth-
esize that circadian regulation of the rhythmic lipid landscape
might be mediated, at least in part, via the rhythmic regulation
of the key enzymes of the lipid metabolism, like it has been pre-
viously reported for the circadian regulation of various metabolic
pathways.®

Our study demonstrates that, in a physiological context, the
global lipid landscape is a subject to significant temporal alter-
ations in SAT and serum on a daily basis. This notion is extremely
important to consider for the human studies of lipid homeostasis
in metabolic diseases. Moreover, it may explain discrepancies in
the identification of lipid metabolites associated with T2D in
studies conducted at one time point only, that do not take into ac-
count the time dimension of lipid homeostasis,'#2931:35:37:46:47
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Indeed, our findings highlight that, due to the differences in tem-
poral alterations in the lipid landscape that were lipid class-, dis-
ease-, organ-, and patient sex-specific, it is essential to identify
the time point across 24 h that corresponds with the most pro-
nounced difference for a given lipid metabolite between the study
groups. Taking into consideration the circadian rhythmicity of
lipid metabolism will ensure the correct implementation of newly
identified lipid biomarkers for the development of metabolic dis-
eases. Last, it is of utmost clinical importance to unravel whether
the alterations in the temporal lipid landscape could be restored
via targeting the circadian clock machinery, for instance, by using
small clock modulator molecules*® or lifestyle adaptations,® or
otherwise via bariatric surgery, in cases where important meta-
bolic decompensation cannot be readily reversed by lifestyle ad-
aptations alone.*®

Limitations of the study

Several factors limit the interpretation of our experiments. First,
cohort 1 encompasses a low number of subjects along with
low temporal resolution. Due to the relatively invasive character
of repetitive ventral SAT biopsies, it is generally difficult to ensure
the enrollment of a larger human cohort with more frequent SAT
sampling. A low number of participants and large inter-individual
differences within the study groups in terms of circadian phase of
lipid oscillations impinged on the quality of statistical analyses.
Therefore, statistical significance qualifying the comparison be-
tween the two groups must be taken with caution. Furthermore,
the T2D group participants were treated with metformin and/or
other glucose-lowering drugs (Tables S1 and S3), whereas the
subjects from the control group did not receive these medica-
tions. Thus, we cannot formally exclude a bias in our analyses
stemming from chronic medication administration. Additionally,
the low temporal resolution rendered proper evaluation of statis-
tical significance for the circadian profiles somewhat limited. To
cope with this limitation, we combined the two most advanced
analysis tools generally used in the circadian field, LS and
Cosinord. Finally, recent lipidomic data reported sex-specific
associations among the lipid species associated with obesity,*°
in a good agreement with our own findings (Figure S3). Since
our cohort 1 is only composed of male subjects, not allowing
to extrapolate the conclusions to both sexes, conducting a
similar temporal lipid profiling in female participants would be
necessary.
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SOURCE

IDENTIFIER

Biological samples

Plasma and adipose tissue samples
from ND and T2D individuals at 4 time
points around the clock (cohort 1)
Serum samples from ND and

obese T2D individuals (cohort 2)

Amsterdam UMC
(Stenvers et al., 2019)""

University Hospital of
Geneva (Hannich et al., 2020)'®

Netherlands Trial Registry
number: NTR3234

ClinicalTrials.gov
Identifier: NCT02384148

Chemicals, peptides, and recombinant proteins

PC 12:0/12:0

PE 17:0/14:1

P1 17:0/14:1

PS 17:0/14:1

Cer d18:1/17:0

SM d18:1/12:0

HexCer d18:1/8:0

DoxDHCer m18:0/12:0
17:0-17:1-17:0 D5 TG
1,3-17:0 D5 DG
N-C12-deoxysphingosine m18:1/12:0
MTBE (methyl-tert-butyl ether)

Methylamine solution(33% in
absolute ethanol)

Chloroform

Methanol

n-butanol

Ammonium molybdate(VI) tetrahydrate
Monopotassium phosphate
L-ascorbic acid

Perchloric acid 70%

Hexane

Methyl acetate

Acetonitrile

Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Avanti Polar Lipids Inc.
Sigma Aldrich

Sigma Aldrich

Acros Organics

Acros Organics

Acros Organics

Acros Organics

Sigma Aldrich

Sigma Aldrich

Sigma Aldrich
ThermoFisher Scientific
Sigma Aldrich

Sigma Aldrich

Cat#850335; CAS: 18194-25-7
Cat#LM-1104; CAS: 958763-89-8
Cat#LM-1504; CAS: 1246304-61-9
Cat#LM-1304; CAS: 1036814-91-1
Cat#860517; CAS: 67492-16-4
Cat#860583; CAS: 474923-21-2
Cat#860540; CAS: 111956-47-9
Cat#860460

Cat#860903; CAS: 958760-74-2
Cat#800854; CAS: 1246523-65-8
Cat#860455; CAS:1246298-54-3
Cat#34875; CAS: 1634-04-4
Cat#534102; CAS: 74-89-5

Cat#326820010; CAS: 67-66-3
Cat#CAS: 67-56-1

Cat#CAS: 71363

Cat#CAS: 12054-85-2
Cat#60229; CAS: 7778-77-0
Cat#A92902; CAS: 50-81-7
Cat#244252; CAS: 7601-90-3
CAS: 110-54-3

CAS: 79-20-9

CAS: 75-05-8

Deposited data

Raw sequencing data and supplementary files
for rhythmic expression analysis (cohort 1)

(Stenvers et al., 2019)""

GEO: GSE104674

Software and algorithms

TSQ Tune 2.6 SP1 QuickQuan™ Software

Xcalibur 4.0 QF2 software

LcmsExplorer
Lipid Data Analyzer

Cosinord program
LS algorithm

ThermoFisher Scientific

ThermoFisher Scientific

EPFL Lausanne Switzerland
IGB-TUG Graz University

(Mannic et al., 2013)*°
(Glynn et al., 2006)'°
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Catalog number: IQLAAEGABSFAHQMAPT;
https://www.thermofisher.com/order/catalog/
product/IQLAAEGABSFAHQMAPT

Catalog number: OPTON-30965;
https://www.thermofisher.com/order/
catalog/product/OPTON-30965

http://lipidomes.epfl.ch/

LDA v. 2.6.3.9; https://www.lipidmaps.
org/resources/tools/10?task=4.5

http://bigwww.epfl.ch/algorithms/cosinorj/
N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

MetaboAnalyst 5.0. McGill University, Canada https://www.metaboanalyst.ca/
MetaboAnalyst/ModuleView.xhtml

Prism Graph Pad 8.0. Graphpad https://www.graphpad.com/

Other

Precellys 24 tissue homogenizer Bertin Instruments https://www.bertin-instruments.com/product/
sample-preparation-homogenizers/precellys24-
tissue-homogenizer/precellys24-4/

Zirconium oxide beads CK14 Labgene Scientific SA Cat#BER20305

TSQ Vantage Extended Mass ThermoFisher Scientific https://assets.thermofisher.com/TFS-Assets/

Range Mass Spectrometer CMD/brochures/TSQ%20Vantage.pdf

Hybrid Orbitrap Elite Thermo Fisher Scientific https://assets.thermofisher.com/TFS-Assets/

CMD/Specification-Sheets/PS-30229-MS-
Orbitrap-Elite-PS30229-EN.pdf

LTQ Tuneplus2.7SP2 ThermoFisher Scientific http://tools.thermofisher.com/content/sfs/
manuals/LTQ-Series-Hardware.pdf

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Charna
Dibner (Charna.Dibner@unige.ch).

Materials availability
This study did not generate new unique reagents.

Data and code availability
e Lipidomics data supporting the findings of this study are available within the Article and Supplemental Materials. In addition,
this paper analyzes existing, publicly available RNA-seq data. These accession numbers for the datasets are listed in the
key resources table.
e This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study design and patient characteristics

Human cohort 1

Two groups comprising six participants each were enrolled in the human cohort 1: lean ND (control group) and overweight or obese
T2D men (T2D group; Table S1). Prior to the sample collection, study participants recorded food intake and sleep times at home for
3 days. Subsequently, an individual Zeitgeber time (ZT) 0:00 was determined for each participant by the average wake-up time re-
corded at baseline (Figure 1A). When participants came to the clinical research unit, they received 3 identical meals per day at evenly
spaced fixed time points thus tailored to the individual chronotype of each participant (ZT0:30, ZT6:00 and ZT11:30), starting from
lunch on day 1. From the evening of day 2, participants slept undisturbed in darkness (0 lux) during their habitual sleep times. On day 3
at ZT0:00, room lights were turned on at ~150 lux at eye level. Blood and SAT samples were obtained on day 2 at ZT15:30, and on day
3 at ZT0:00, ZT5:30 and ZT11:00, with 15 min delay between blood and SAT sampling (Figure 1A, STAR Methods section and
Stenvers et al; '"). We included six overweight or obese individuals with type 2 diabetes (T2D) according to the 2010 American Dia-
betes Association (ADA) criteria, BMI 25-40 kg/m?, male sex assigned at birth, aged 30-75 years old, and using no glucose-lowering
drugs other than metformin. Inclusion criteria for the six healthy control participants were: BMI <25 kg/m?, male sex assigned at birth
and age 30-75 years. Exclusion criteria for both groups were: any acute or chronic disease (other than type 2 diabetes) that impairs
food digestion, absorption or metabolism, obstructive sleep apnoea, and shift work or crossing more than one time zone in the month
prior to study participation. The study was approved by the Institutional Review Board of the AmsterdamUMC (locationAMC) and
performed according to the Declaration of Helsinki of October 2004. The study was registered at the Netherlands Trial Registry (num-
ber NTR3234) and was performed between February 2012 and March 2013 at the Department of Endocrinology and Metabolism of
the Amsterdam UMC. All the participants gave informed consent.
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Human cohort 2

We included thirty-two subjects who all gave informed consent to participate to the study. The study had ethics committee approval
(CER11-015, ClinicalTrials.gov Identifier: NCT02384148). Exclusion criteria were T1D or LADA, steroid-induced diabetes, post-trans-
plant diabetes, hepatitis, corticosteroid therapy, active neoplasia and ongoing shift work. The participants in the non-diabetic (ND)
control and obese T2D groups were age- and sex-matched (according to the sex assigned at birth) (Table S3).

METHOD DETAILS

Study design, blood and tissue sampling

Cohort 1

For a detailed description of the study protocol, refer to."” In brief, at baseline, participants recorded food intake and sleep times at
home for 3 days (Figure 1A). Subsequently, participants visited the clinical research unit on the morning of day 1. For each participant,
an individual Zeitgeber time (ZT) 0:00 was determined by the average wake-up time from the baseline sleep log. The individuals with
type 2 diabetes were instructed to stop metformin use from 2 days prior to the measurements until study end (a total of 5 days). We
provided participants with three identical liquid meals (Ensure Plus [6.3 kd/mL, 54% energy from carbohydrates, 29% from fat and
17% from protein; Abbott Nutrition, Columbus, OH, USA]) per day at evenly spaced fixed time points (ZT0:30, ZT6:00 and ZT11:30),
starting from lunch on day 1. Daily energy intake was set at 105 kd/kg body weight. Participants returned home and then came back
to the clinical research unit on the evening of day 2. Participants slept undisturbed in darkness (0 lux) during their habitual sleep times.
On day 3 at ZT0:00, room lights were turned on at ~150 lux at eye level; participants remained in a semi-recumbent position. Super-
ficial subcutaneous adipose tissue samples were obtained by vacuum suction with a 15-gauge needle, from the four peri-umbilical
quadrants, in a random order, on day 2 at ZT15:30, and on day 3 at ZT0:15, ZT5:45 and ZT11:15. Frequent blood samples were ob-
tained, and samples from ZT15:30, ZT0:00, ZT5:30 and ZT11:00 were used for lipidomic analysis. Blood plasma was separated from
the cells by centrifugation.

Cohort 2

The participants were asked to follow a moderate diet without excess fat or alcohol intake, 24 h prior to the testing day. They filled out
the Munich Chronotype Questionnaire (MCTQ), allowing recording of sleep onset time and calculation of sleep duration. Blood sam-
ples for all study participants were collected between 8 and 10 a.m., following overnight fasting from 10 p.m. onwards. Serum was
immediately prepared from blood samples by centrifugation (10 min, 1650 g, 4°C) and stored at —80°C until lipid extraction and
analysis.

Blood measurements

Cohort 1

Plasma glucose concentrations were assessed with the glucose oxidation method with a Biosen glucose analyzer (EKF Diagnostics,
Barleben, Germany). Plasma cholesterol and lipids were measured with a Cobas 8000 modular analyzer (Roche Diagnostics, Rotk-
reuz, Switzerland) and plasma insulin using a chemiluminescent immunometric assay on an Immulite 2000 system (Siemens, Breda,
the Netherlands).

Cohort 2

Blood samples were collected in clot-activator vacutainers and immediately analyzed by the Geneva University Hospital laboratory
for insulin, blood glucose, HbA, and total lipid measurements (reported in Table S3 and in Hannich et al; '®).

Materials for lipid extraction

Synthetic lipid standards [PC 12:0/12:0 (850335), PE 17:0/14:1 (LM-1104), PI 17:0/14:1 (LM-1504), PS 17:0/14:1 (LM-1304), Cer
d18:1/17:0 (860517), SM d18:1/12:0 (860583), HexCer d18:1/8:0 (860540), DoxDHCer m18:0/12:0 (860460), 17:0-17:1-17:0 D5
TG (860903), 1,3-17:0 D5 DG (800854) and N-C12-deoxysphingosine m18:1/12:0 (860455)] were from Avanti Polar Lipids Inc.
MTBE (methyl-tert-butyl ether) and methylamine (33% in absolute ethanol) were purchased from Sigma Aldrich. Chloroform, meth-
anol, n-butanol and ammonium molybdate were from Acros Organics. LC-MS grade methanol, water and ammonium acetate were
from Fluka. HPLC-grade chloroform was purchased from Acros Organics. Monopotassium phosphate, L-ascorbic acid, 70%
perchloric acid, hexane, methyl acetate and acetonitrile were from Merck.

Serum lipid extraction procedure

Serum lipid extracts were prepared using a modified MTBE extraction protocol with addition of internal lipid standards.'®°" Briefly,
100 pL serum was used, 360 L methanol and a mix of internal standards were added (400 pmol PC 12:0/12:0, 1000 pmol PE 17:0/
14:1, 1000 pmol PI 17:0/14:1, 3300 pmol PS 17:0/14:1, 2500 pmol SM d18:1/12:0, 500 pmol Cer d18:1/17:0 and 100 pmol HexCer
d18:1/8:0). After addition of 1.2 mL of MTBE (methyl tert-butyl ether), samples were placed for 10 min on a multitube vortexer at 4°C
followed by incubation for 1 h at room temperature (RT) on a shaker. Phase separation was induced by addition of 200 pL MS-grade
water. After 10 min at RT, samples were centrifuged at 1000 g for 10 min. The upper (organic) phase was transferred into a 13 mm
glass tube and the lower phase was re-extracted with 400 pL artificial upper phase [MTBE/methanol/H,O (10:3:1.5, v/v/v)]. The com-
bined organic phases were dried in a vacuum concentrator (CentriVap, Labconco). Lipid extracts derived from MTBE extraction were
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resuspended in 750 pL chloroform: methanol (1:1), sonicated and vortexed. Resuspended lipids were divided in 3 aliquots. One
aliquot was used for glycerophospholipid analysis, a second one for phosphorus assay, and the third aliquot was treated by mild
alkaline hydrolysis to enrich for sphingolipids, according to the method by Clarke.>? Briefly, 1 mL freshly prepared monomethylamine
reagent [methylamine/H,O/n-butanol/methanol (5:3:1:4, (v/v/v/v)] was added to the dried lipid extract and then incubated at 53°C for
1 hin a water bath. Lipids were cooled to RT and then dried. For desalting, the dried lipid extract was resuspended in 300 pL water-
saturated n-butanol and then extracted with 150 uL H,O. The organic phase was collected, and the aqueous phase was re-extracted
twice with 300 pL water-saturated n-butanol. The organic phases were pooled and dried in a vacuum concentrator.

SAT lipid extraction procedure

SAT lipid extracts were prepared using a modified 3 Phase Extraction Method®® with addition of internal lipid standards. In addition of
the lipid internal standards used for the serum lipid extraction, SAT samples from cohort 1, were supplemented with 1000 pmol of
N-C12-deoxysphingosine, 1000 pmol 1,3-17:0 D5 DG and 1000 pmol 17:0-17:1-17:0 D5 TG. Briefly, 30 mg of tissue were homog-
enized in N»>-cold condition (Precellys24 Bertin Instruments) in presence of zirconium oxide beads CK14 (Labgene Scientific) and
200 pL methanol:dichloromethane solution (1:2). After addition of 1 mL of hexane, 1 mL of methyl acetate and 0.75 mL of acetonitrile,
samples were vortexed at room temperature and centrifuged at 2000 g for 5 min, resulting in the separation of three distinct phases.
The upper organic phase was collected and neutral lipid extracts were dried in a vacuum concentrator. The middle layer was re-ex-
tracted with 1 mL of hexane and the bottom phase, containing the polar lipids, was collected and dried in a vacuum concentrator.
Polar lipid extracts were resuspended in 550 pL chloroforme:methanol (1:1) and divided in 2 aliquots. One aliquot was used for phos-
phorus assay, and the second one was treated by mild alkaline hydrolysis to enrich for sphingolipids as described above.

Determination of total phosphorus

One hundred pL of the total lipid extract, resuspended in chloroform/methanol (1:1), were placed into 13 mm disposable pyrex tubes
and dried in a vacuum concentrator. Zero, 2, 5, 10, 20 pL of a 3 mmol/L KH,PQO, standard solution were placed into separate pyrex
tubes. To each tube, distilled water was added to reach 20 pL of aqueous solution. After addition of 140 uL 70% perchloric acid,
samples were heated at 180°C for 1 h in a chemical hood. Then, 800 uL of a freshly prepared solution of water, ammonium molybdate
(100 mg/8 mL H,0) and ascorbic acid (100 mg/6 mL H,0) in a ratio of 5:2:1 (v/v/v) were added. Tubes were heated at 100°C for 5 min
with a marble on each tube to prevent evaporation. Tubes were cooled at RT for 5 min. One hundred pL of each sample was then
transferred into a 96-well microplate and the absorbance at 820 nm was measured.

Phospho- and sphingolipid analysis by MS

Mass spectrometry analysis for the quantification of phospho- and sphingolipid species was performed using multiple reaction moni-
toring on a TSQ Vantage Extended Mass Range Mass Spectrometer (ThermoFisher Scientific), equipped with a robotic nanoflow ion
source (Triversa Nanomate, Advion Biosciences) as previously described.'® Optimized fragmentation was generated using
appropriate collision energies and s-lens values for each lipid class. Mass spectrometry data were acquired with TSQ Tune 2.6
SP1 and treated with Xcalibur 4.0 QF2 software (ThermoFisher Scientific). Lipid quantification was carried out using an analysis
platform for lipidomics data hosted at EPFL Lausanne Switzerland http://lipidomes.epfl.ch/. Quantification procedure was described
in Pietildinen et al.> Dried lipid extracts were resuspended in 250 uL. MS-grade chloroform/methanol (1:1) and further diluted in
either chloroform/methanol (1:2) plus 5 mmol/L ammonium acetate (negative ion mode) or in chloroform/methanol/H,O (2:7:1)
plus 5 mmol/L ammonium acetate (positive ion mode).

TAG, DAG and Deoxysphingolipid analysis by LC-MS

The detection of 1-deoxyceramides in the samples of cohort 2 has been described in Hannich et al.'® The 1-deoxyceramide amounts
present in the SAT samples of the cohort 1 were normalized and calibrated using the total phosphate content and the integrated
signal of the spiked N-C12-deoxysphingosine standard. The tri- and di-acylglycerols amounts present in the neutral fraction of
the SAT samples were normalized and calibrated using the total phosphate content and the integrated signal of the spiked standard
1,3-17:0 D5 DG and 17:0-17:1-17:0 D5 TG. Two nanomole of total phosphate content were injected on a HILIC column, diluted in
chloroform:methanol 1:2 (v/v). Data were acquired in full-scan mode at high resolution on a hybrid Orbitrap Elite (Thermo Fisher
Scientific, Bremen, Germany). using LTQ Tuneplus2.7SP2 and treated with Xcalibur 4.0 QF2 (Thermo Fisher Scientific). Lipid
identification was carried out with Lipid Data Analyzer (LDA v. 2.6.3.9, IGB-TUG Graz University),”® and LcmsExplorer hosted at
EPFL Lausanne Switzerland https://Icmsexplorer.epfl.ch. Peaks were identified by their respective retention time, m/z and intensity.
Instruments were calibrated to ensure a mass accuracy lower than 0.6 ppm in positive mode.

QUANTIFICATION AND STATISTICAL ANALYSIS
Lipid concentrations were calculated relative to the relevant internal standards and normalized to the total phosphate content of each
total lipid extract for both tissue and serum samples. Lipid concentrations were not corrected for class Il isotopic overlaps for the

analysis of lipid degree of unsaturation. For comparison between different lipids samples, relative lipid concentrations were normal-
ized to the total lipid content of each lipid extract (mol %). For temporal analysis, normalized lipid values were z-scored within
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subjects. To identify rhythmic variations within the lipidomic dataset, normalized lipid values were further analyzed using the CosinorJ
program and the LS algorithm, both allowing to analyze datasets comprising uneven intervals of time between the samplings. For
CosinorJ, the period width was set to fit a time frame of 20-28 h and a %2 value of <0.05 was considered statistically significant.
For the LS algorithm the top 50 lipids, and the top 10 lipid classes respectively, were considered. For the lipids analyzed by LC-
MS, we took into account only the top 10 TAGs and DAGs, and the top 5 DeoxCer species for the subsequent analyses. We next
conducted Venn analyses combining both algorithms (Figure 4C). Lipid metabolites and lipid classes commonly identified as rhyth-
mic by these two methods were considered significantly rhythmic, corresponding statistical values are reported in the Table S6.
Additional data processing (filtering, normalization, transformation, scaling), statistical analyses and data plotting were performed
using MetaboAnalyst 5.0. [91] and Prism Graph Pad 8.0. Statistical tests used for comparison between groups are indicated in
the figure legends. Differences were considered significant for p < 0.05 (*), p < 0.01 (*) and p < 0.001 (***). To determine the clus-
tering, k-NN (nearest neighbors with k clusters) was applied to the phases and amplitudes in polar coordinates of all circadian signals
fork =1, 2, and 3 clusters.

ADDITIONAL RESOURCES

The cohort 1 study was registered at the Netherlands Trial Registry (number NTR3234). The cohort 2 study had local ethics committee
approval (CER11-015) and was registered at ClinicalTrials.gov (Identifier: NCT02384148).
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