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Highlights
e Few data are available on the effect of glucagon-like peptide-1 receptor agonists (GLP-1RAs) on lipid
metabolism and no information on the postprandial lipidomic profile.

e In non-diabetic adults with severe obesity, 3-month treatment with exenatide improved fasting and
postprandial lipidomic profile associated with cardiometabolic risk (CMR) by decreasing saturated species
(TAGs, CERs, LPCs) while increasing 7 unsaturated phospholipid species (PC, LPC) with protective effects
on CMR compared to control.

e Exenatide blunted the rise in postprandial triglycerides especially saturated TAGs.
e Postprandial triglycerides reduction was associated to decreased postprandial FFA clearance,
with lower saturated FFA incorporation into newly synthesized lipids (TAGs and CERs).

Abbreviations: Apo: apolipoprotein; BMI: body mass index; CER: ceramides; CMR: cardiometabolic risk; CT:
control; CVD: cardiovascular disease; DAG: diacylglycerols; DNL: de novo lipogenesis; DPP-4: dipeptidyl
peptidase; EXE; exenatide; FFA: free fatty acid; GIP: gastric inhibitory peptide; GLP-1 RA: glucagon-like
peptide-1 receptor agonist; HDL: high-density lipoprotein; LDL: low-density lipoprotein; LPC: lyso-
phosphatidylcholines; MASLD: metabolic associated-dysfunction steatotic liver disease; MTT: mixed meal
tolerance test; OGTT: oral glucose tolerance test; PC: phosphatidylcholines; PE: phosphatidylethanolamines;
SFA: saturated fatty acid; SM: sphingomyelins; TAG: triacylglycerols; AUC: area under the curve; T2D: type 2
diabetes; VLDL: very low-density lipoproteins
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Abstract

Treatment with glucagon-like peptide-1 receptor agonists (GLP-1RAs) reduces liver steatosis and
cardiometabolic risk (CMR). Only few data are available on lipid metabolism and no information on the
postprandial lipidomic profile. Thus, we investigated how exenatide treatment changes lipid metabolism and
composition during fasting and after a meal tolerance test (MTT) in adults with severe obesity without
diabetes. Thirty individuals (26F/4M, 30-60 years old, BMI>40 kg/m2, HbA1c=5.76%) were assigned (1:1) to
diet with exenatide treatment (EXE, n=15, 10 pg twice-daily) or without treatment as control (CT, n=15) for
3 months. Fasting and postprandial lipidomic profile (by LC/MS-QTOF) and fatty acid metabolism (following
a 6-hour MTT/tracer study) and composition (by GC/MS) were evaluated before and after treatment. Both
groups had slight weight loss (EXE: -5.5% vs CT: -1.9%, p=0.052). During fasting, exenatide, compared to CT,
reduced some ceramides (CER) and lysophosphocholines (LPC) previously associated with CMR, while
relatively increasing unsaturated phospholipid species (PC, LPC) with protective effects on CMR, although
concentrations of total lipid species were unchanged. During MTT, both groups suppressed lipolysis equally
to baseline, but EXE exenatide significantly lowered free fatty acid clearance and postprandial t
riacyclglycerols (TAG) concentrations, particularly saturated TAGs with 44-54 carbons. Exenatide also
reduced some postprandial CERs, PCs, LPCs previously linked to cardiometabolic risk. These changes in
lipidomic profile remained statistically significant after adjusting for weight loss. Exenatide improved fasting
and postprandial lipidomic profile associated with CMR mainly by reducing saturated postprandial TAGs and
CERs, independently of weight loss and diabetes.

Keywords: GLP-1 receptor agonist; obesity; lipidomic; postprandial lipemia; free fatty acids; phospholipids;
ceramides.
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Introduction

It is well established that treatment with glucagon
like peptide-1 receptor agonists (GLP-1 RAs)
improves glucose control, slows down gut motility,
and promotes satiety and weight loss; a beneficial
impact on steatotic liver disease (SLD), nephropathy
and cardiovascular morbidity and/or mortality has
been consistently reported (1; 2). It is likely that
some of these benefits are due to changes in lipid
profile, particularly lipids secreted by the liver as
triglycerides (TAGs) and ceramides (CERs) (2).
However, the reduction of cholesterol and TAG
concentrations by GLP-1RA is modest (1). Only few
studies that have investigated the effect of GLP-
1/GLP-1RA on postprandial lipid metabolism and
postprandial lipemia focusing on changes in
lipoprotein metabolism after treatment with DPP-4
inhibitors (3), liraglutide (4; 5), lixisenatide (6), or
semaglutide in subjects with obesity (7). A positive
effect of GLP-1RA was observed on postprandial
lipoprotein metabolism, showing a reduction in very
low-density lipoproteins (VLDL) assembly and
secretion (2; 4; 5) and chylomicron (4-6).

It is likely that the reduction in TAGs is mediated via
changes (e.g., reduction) in circulating fatty acids.
Hepatic VLDL is constituted mainly from TAG-
containing fatty acids derived from adipose tissue
lipolysis (around 59%) (8). The LEAN study showed
that 48-weeks liraglutide treatment not only
decreased liver fat, but also free fatty acid (FFA)
concentrations, lipolysis and hepatic de novo
lipogenesis (DNL) (9; 10). Exenatide injection before
an oral glucose tolerance test (OGTT) showed an
improvement in the adipo-IR index, indicating less
FFA release and/or increased intracellular re-
esterification compared to placebo (11). However,
GLP-1RA has no direct effect on the suppression of
peripheral lipolysis as GLP-1 infusion during a
pancreatic clamp did not alter lipolysis or FFA
concentrations (12).

Besides lipoproteins and TAGs, which are the most
studied lipids, other lipid species are markers of
lipotoxicity and insulin resistance, like CERs,
diacylglycerols (DAGs) and some phosphocholines
(PCs) (13), also associated with cardiometabolic risk
(CMR) (14). CERs are also associated with the risk of
incident MACE in apparently healthy individuals and
allowed a better stratification of subjects at risk
compared to LDL cholesterol (15; 16). However, data
on changes in the lipidomic profile after GLP-1RA
treatments are lacking and the few studies available
considered only the fasting state (17-20). In fasting
state, treatment with GLP-1RAs reduced CERs,
sphingomyelins (SMs), cholesterol esters (CEs),

lysophosphatidylcolines (LPCs) and PCs (17-20). All
these studies were conducted in subjects with type
2 diabetes (T2D), and the improvement could be
mediated by changes in glycemic control and
significant weight loss. Moreover, although GLP-1 is
a postprandial hormone, there are no studies about
the effect of GLP-1RA treatment on lipidomic profile
in postprandial state, particularly for lipids
associated with risk of cardiovascular events like
CERs.

Thus, the aim was to evaluate the effects of 3-month
treatment with exenatide on the fasting and
postprandial lipidomic profile compared with no-
treatment control in subjects with severe obesity
without T2D.

Research Design and Methods

Participants and study design

The study details were previously published (21).
Briefly, thirty study participants with severe obesity
of both genders (26F/4M), BMI 240 kg/m?, without
T2D (mean HbA1c=5.76%), waitlisted for bariatric
surgery (Supplementary Table 1) were unblinded
assigned (1:1 ratio) to the maximum dose of
exenatide (10ug twice daily, EXE, n=15) or no-
treatment (CT, n=15) for 3-months in combination
with diet (caloric intake as the estimated resting
metabolic rate). Subjects were asked to maintain the
assigned diet, habitual physical activity, and no
engagement in a structured exercise program was
allowed. Control visits were carried out 30 and 60
days with laboratory measurements and monitoring
of treatment compliance.

A mixed meal tolerance test (MTT) was carried out at
baseline and end of treatment. Arterialized blood
samples were taken before and for 6 hours after the
meal (i.e., -120 -15, 0. 15, 30, 45, 60, 90, 120, 150,
180, 240, 300 and 360 min) for FFAs, TAGs and tracer
enrichment to evaluate lipid fluxes and insulin
resistance indexes (Supplementary). Apolipoprotein
concentrations and lipidomic analyses were
conducted at 0, 180min and 360min.

The study protocol — performed per the Declaration
of Helsinki — was approved by the Pisa Institutional
Ethics Committee, and all participants provided
written informed consent to use their clinical and
laboratory data and to be included in the study.

Lipids and lipidomic profile

Total triglycerides (Beckman Instruments, Fullerton,
California) and FFA (Fujiflm WAKO Chemicals,
Neuss, Germany) concentrations were assayed by
standard spectrophotometric methods,
apolipoproteins by immunoturbidimetric method



(Apo-Al and Apo-B, Randox Laboratories, Crumlin,
UK).

Plasma lipidomic profile (TAG, DAG, CER, SM, PC,
LPC, PE) was quantified with internal standards by
liquid chromatography/mass spectrometry (LC-1290
/MS-Q-TOF-6545, Agilent Technology, Santa Clara,
CA) and FFA composition by gas chromatography-
mass spectrometry (GC7890-MS5975, Agilent
Technology) (22), details in Supplementary.

Calculations and statistical analysis

Peripheral FFA uptake was calculated as:
Rd_FFAzmol/min(t) = Lipolysis(t)— dFFAamol/mi(t)/dt x
Vol(ml/kg) x BW(kg)

where lipolysis was quantified as (3 x Ra_glycerol)
measured by 2Hs-glycerol infusion, dFFAamoymi(t)/dt =
[FFAamo/mi(t)-FF Aamoy/mi(t1)]/(t-t1) and Vol(ml/kg)=70/
/ (BMI/22) is the volume of distribution for subjects
with severe obesity (23)

FFAymi clearance(t) = Rd_FFAamoymi (t) / FFAamoy (t)

VLDL concentrations were calculated as (24):

VLDL = triglycerides/8.59 + triglycerides x Non-
HDL/2250 — triglycerides?/16500

Data are presented as mean * standard deviation
(SD) for tables or mean + standard error of the mean
(SEM) for figures, unless stated otherwise. The area
under the curve (AUC) was calculated using the
trapezoidal rule from 0-180 min and 180-360 min to

account for the effect of exenatide in delaying the
gastric emptying.

Paired t-test and Wilcoxon Signed Rank test were
used for variables with normal and non-normal
distribution respectively, Kruskal Wallis test and
generalized linear model (GLM) multivariable
analysis (SPSS 26.0, IBM, Armonk, NY, USA) were
used to evaluate differences between groups
calculated as changes (3-month minus baseline
values) with changes in weight (kg) added as
covariates to disentangle the effect on the lipidomic
profile from weight loss.

Spearman correlation and GLM adjusted for
treatment and weight changes were used to assess
the effect of changes in insulin resistance indexes,
triglycerides, glucose and hormones on changes in
FFA clearance and concentrations. Statistical
significance was set at p < 0.05 (two tails). Figures
were done using R software version 4.2.1, package.

Data and Resource Availability
Data sets and resources are available upon request.
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Figure 1. Postprandial levels and area under the curve or changes for triglyceride [A), apolipoprotein AL (B) and
apolipoprotein B {C) during the standard meal in Exenatide and control before and after 3 months of treatment.
Within-group comparisons were performed by paired-samples t-test; between-group comparisons of treatment
[EXE and CT) induced changes [3-month minus baseline walues) were performed by ANCOWVA general linear model.
EXE: exenatide; CT: control; TG: trighycerides; ARO: apolipoprotein.



Results

Effect of exenatide on clinical parameters

These two groups with severe obesity (BMI>40
kg/m?, HbA1c=5.76%) had similar baseline
anthropometric parameters, fasting and
postprandial concentrations of glucose, insulin, GLP-
1, GIP, and glucagon (Supplementary Table 1).

After 3 months, weight (-6.7+5.0 kg for EXE vs -
2.3%6.0 kg for CT, p=0.039) and BMI (-2.5+1.7 for EXE
vs -0.9+2.3 for CT, p=0.043) were significantly
decreased in EXE compared with CT, but percent
weight reduction was not statistically different (-
5.5% for EXE vs -1.9% for CT, p=0.052). Most of the
weight loss was due to a decrease in fat mass in the
EXE group, but this change did not reach statistical
significance vs CT (p=0.097).

Fasting insulin was significantly decreased after EXE
compared with CT, while fasting glucose, GLP-1, GIP,
and glucagon concentrations did not change in both
groups.

Postprandial glucose, insulin, glucagon, GLP-1, and
GIP concentrations were significantly lowered by EXE
during the first 3 hours after the meal ingestion,
particularly from 60 to 180min. Moreover, whole-
body insulin sensitivity (OGIS index) was significantly
improved in the EXE-group compared with baseline
and the CT-group (Supplementary Table 1).
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Effect of exenatide on fasting and postprandial TG
and FFA concentrations and fluxes

Fasting values of total TAGs, Apo-Al, Apo-B, and FFA
were similar and within the normal ranges before
treatment (Supplementary Table 1) and did not
change after 3-months in either group (Figure 1-2).
In contrast, the increase in postprandial TAG
concentration was significantly decreased (-26%) in
the later part of the curve (AUCiso-360min) in the EXE-
group while it did not change in the CT-group (Figure
1A). No change was observed in postprandial Apo-A1l
and Apo-B concentrations compared to the baseline
study or CT (Figure 1B, 1C). Fasting FFA
concentrations were also not modified by EXE
treatment.

Before treatment, postprandial insulin suppressed
FFA concentrations during the first 180 min after the
meal, returning to fasting values after 360 min in
both groups. CT-group did not change the FFA profile
compared to pre-study, while EXE-group had higher
FFA concentrations at 120, 150, and 180 min and
significantly lower at 15 and 360 min compared to
pre-study (p<0.05 for all); AUCo.180min Was
significantly higher in EXE than CT-group (Figure 2A,
2B)
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Figure 2. Postprandial levels and area under the curve fior free fatty acds (A), clearance of free fatty acids [B)
and lipolysis (C) during the standard meal in exenatide and control before and after 3 months of treatment.
Within-group comparisons were performed by paired-samples t-test; between-group comparisons of
treatment {EXE and CT) induced changes (3-month minus baseline values) were performed by ANCOVA
general linear model. EXE: exenatide; CT: control; FFA: free fatty acids
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Figure 3. Postprandial levels of single free fatty acids during the standard meal in Exenatide
and control before and after 3 months of treatment. *p<0.05 vs pre 0 min, Tp<0.05 vs pre
same time, $p<0.05 EXE vs CT same time. Within-group comparisons were performed by
paired-samples t-test; between-group comparisons of treatment (EXE and CT) induced
changes (3-month minus baseline values) were performed by ANCOVA general linear
model. EXE: exenatide; CT: control; FFA: free fatty acids.

The mechanisms responsible for higher postprandial
FFA concentrations in EXE were investigated by
looking first at adipose tissue lipolysis, measured as
rate of glycerol release by tracer infusion, and FFA
clearance, an index of peripheral FFA metabolism.
Lipolysis did not change with EXE treatment, nor it
was different between groups (Figure 2C). On the
other hand, the postprandial clearance rate of FFA
was reduced by EXE in the first part of the curve
(AUCo-180min) compared with the CT-group, with a
trend in differences between groups (p=0.095),
(Figure 2B). In particular, EXE significantly lowered
postprandial FFA clearance at 120 and 150 min
(p<0.05 for all) compared with rates before
treatment and vs the CT-group (Figure 2B). The
changes in FFA clearance rate in the first 3 hours of
the MTT were found correlated with the
improvement in HOMA-IR and OGIS, glucose and
insulin profile and remained significant after
adjusting for treatment and changes in weight
(Supplementary Table 3).

Effect of exenatide on fasting and postprandial
lipidomic profile and individual lipid species

Lipidomic profile, i.e., FFA, TAG, phospholipids, like
PC and LPC, PE and LPE, and CER composition, was
measured during fasting and postprandial state to

investigate whether EXE treatment induced
significant changes.

Fasting FFA composition, which reflects adipose
tissue composition (25), was similar in the two
groups at baseline and at follow-up (about 60%
saturated fatty acids (SFA) and 40% unsaturated
fatty acid (UFA)) (Figure 3).

In contrast, postprandial FFA composition showed
several differences: before treatment, the maximal
reduction in FFA concentrations was observed at 180
min due to both low lipolysis and high FFA clearance
rates (Figure 2). However, SFA constitute the
majority of circulating FFA at 180min (more than
80%) in both groups (Figure 3), indicating that in
postprandial state more UFA than SFA are taken up
by peripheral tissues to be esterified as TAGs or used
for the synthesis of other lipids. Postprandial FFA
concentrations in the EXE-group were higher
between 120 and 180 min compared to baseline
study due to lower clearance rates, since lipolysis
rate was similar to baseline profile, and did not raise
back to fasting concentrations (Figure 2); also, the
composition of these FFA was different compared to
baseline and CT containing about 70% of SFA and

30% of UFA (Figure 3).
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Figure 4. Changes (3 months minus baseline values) after the standard meal in the group treated with Exenatide in
triacyclglycerols {TAG) and diacylglycerols (DAG) at fasting {0 minutes) (Panel A), 180 minutes (Panel B) and 360
minutes (Panel C), and in phosphatidylcholine (PC) and lysophosphatidylcholine (LPC) at fasting (0 minutes) (Panel
D), 180 minutes (Panel E) and 360 minutes (Panel F). Blue color indicates reduction compared to pre-study; color
red Indicate increase compared to pre-study at each time points. *p<0.05 vs CT. EXE: exenatide; CT: control; TAG:
triacylglycerol; DAG: diacylglycerol; PC: phosphatidyicholine; LPC: lysophosphatidylcholine.

Interestingly, the  changes in palmitate
concentrations at 180min due to a reduced
clearance were negatively associated with the
decrease in TAGs in the first 3 hours (Supplementary
Table 3). This result explains, at least in part, the
decrease in postprandial TAGs, especially in
saturated TAGs (Figure 4B), which have been shown
to be synthesized mainly by circulating FFA (8).

At fasting, the composition of TAGs, DAGs, CERs,
SMs, PCs and LPCs was comparable in the two groups
before treatment (Supplementary Table 2). After 3
months, there was no change in the fasting state
concentration of the sum of TAG, DAG, SM PC, LPC,
CER species in both groups (Supplementary Table 1),
but there was an increase in the EXE-group in some
phospholipids previously found to be associated with
a protective effect on CMR, i.e. PC aa(36:4), PC
aa(38:4), PC aa(38:5), PC aa(38:6), PC aa(40:6), and
LPC(20:4), and a decrease in some LPCs associated
with progression of atherosclerotic plaque, i.e.,
LPC(18:0), LPC(18:1) compared to baseline and CT
(Figure 4D, Supplementary Table 2). Furthermore, in
the EXE-group, we observed a significant reduction
in fasting CER(18:1/14:0), CER(18:1/20:0), and
CER(18:1/22:0), also previously associated with
incident cardiovascular disease (CVD) (Figure 5A).

During the first 180 min of the MTT, EXE significantly
reduced several TAGs, but not DAGs, compared to CT
and to baseline, particularly saturated TAGs
containing 44-54 carbons (including those derived
mainly through DNL (26)) due to a decreased FFA
clearance and incorporation of SFA, consistent with
the postprandial FFA profile (Figure 4B), while no
change was observed at 360 min or in CT (Figure 4C).
A similar profile was observed also in PC and LPC
profile (Figure 4E, 4F). CERs were slightly decreased
in the EXE-group during fasting while there was a
trend to be increased in the CT-group, but it was in
the later postprandial phase state (360 min after the
meal) that were observed the major changes, i.e., a
significant reduction in EXE (and an increase in CT) of
CER(18:0/20:0), CER(18:0/22:0), CER(18:0/24:0),
CER(18:0/26:0), CER(18:1/14:0), CER(18:1/20:0),
CER(18:1/22:0), CER(18:1/24:0), and CER(18:1/26:0)
(Figure 5C).

The effects of EXE compared with CT on fasting and
postprandial lipidomic profile changes remained
statistically significant after adjusting for weight
changes observed at the end of treatment
(Supplementary table 2).
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Figure 5. Heatmap of Delta (post - pre) of ceramide concentrations in the group treated with Exenatide
compared with the control groups at fasting (Panel A), 180 minutes (Panel B) and 360 minutes (Panel C) after
the standard meal. d18:0 indicates dihydroceramides, d18:1 indicates ceramide. Panel D: Dihydroceramide
and ceramide structures. Ceramides are composed of a sphingosine (obtained from the condensation of serine
and palmitoyl-coA) and a fatty acid. Blue color indicates reduction compared to pre-study; color red indicate
increase compared to pre-study at each time points. *p<0.05 vs CT. EXE: exenatide; CT: control; CER: ceramide.

Discussion

GLP-1RA are widely used for their significant effects
on glycemic control and weight loss (1; 27), but less
is known about their effects on postprandial changes
in lipid turnover and lipidomic profile. In this study
we analyzed the effect of exenatide BID, a GLP-1RA
with a short half-life (about 2-4 hours in humans) and
duration of action, in subjects with severe obesity
without diabetes. Compared to the newer GLP-1 RAs
(i.e. liraglutide, dulaglutide and semaglutide) that
have long pharmacokinetics (27), the concentrations
of exenatide BID peaks within 2 hours after
administration but after 7-8 hours its serum
concentration is very low (28), thus with a time of
action closer to that of endogenous GLP-1 that peaks
in the postprandial state and then rapidly decreases
to fasting levels.

Our previous study (21) showed that exenatide
improved fasting insulin sensitivity in liver, muscle
and adipose tissue, and in postprandial state delayed
oral glucose appearance in the circulation, thus
lowering postprandial glycaemia, but also decreased
glucagon response without changes in B-cell
function.

Although exenatide did not change the rate of
lipolysis, this post-hoc analysis showed that
exenatide had significant fasting and postprandial
effects on lipidomic profile and fatty acid clearance
in postprandial state in particular: 1) exenatide,
compared to control, improved fasting and

postprandial lipotoxicity by decreasing some fasting
and postprandial LPCs and CERs associated to CMR
and increasing fasting PCs associated with a
protective effect on CMR; 2) exenatide reduced the
postprandial rise in TAGs that included less saturated
TAGs containing 44-54 carbons: this was mainly
associated with lower SFA incorporation of into
newly synthesized lipids due to significant reduction
in postprandial FFA clearance, while not changing
rate of lipolysis; and lower concentration of TAGs
synthesized through DNL (i.e. containing palmitic
acid) and previously associated with risk of diabetes
(29).

Changes in fasting and postprandial lipid profiles
remained significant after adjustment for weight loss
and this is important given that weight loss
significantly changes the lipidomic profile (30).
Moreover, as the subjects did not have diabetes, and
neither their fasting glucose concentrations nor
glycated haemoglobin (slightly above the pre-
diabetes threshold) changed at the end of the
intervention, glycaemic control also did not play a
role.

To the best of our knowledge, this is the first study
investigating the effects of GLP-1RA on lipid
composition in response to MTT and in subjects
without T2D, i.e., excluding the possible involvement
of T2D in alteration in lipid metabolism, which is
common in these subjects (31). In our study, the
reduction in circulating palmitic acid at 180min



correlated with the improvement in OGIS and
HOMA-IR and the association remained significant
(p=0.002) also after adjusting for treatment and
weight loss (Supplementary Table 3).

Previous studies showed that GLP-1RA treatment in
subjects with T2D induces a significant, although
modest, decrease in total cholesterol, HDL and LDL
cholesterol or fasting TAGs (1), explaining only in
part the GLP-1RA beneficial effects on decreasing
CMR and cardiovascular events. However, other lipid
species are associated with a worse cardiometabolic
profile, e.g., lipids rich in SFA, as sphingolipids like SM
and CER or phospholipids, like PC, PE and LPC (14; 16;
32-34). These lipotoxic compounds are associated
with the development of insulin resistance and organ
damage (13; 29; 35) increasing CMR (36; 37).

We found that exenatide decreased several lipids
rich in SFA, like CER and LPC previously associated
with MASLD (14; 35) and CMR (20; 33). During
fasting, a significant reduction was observed in
CER(18:1/14:0), CER(18:1/20:0), and CER(18:1/22:0),
which are toxic species associated with MASLD (14,
35) and CMR (16; 20; 33); no change was observed in
fasting dihydroceramides. In contrast exenatide
induced a significant increase of lipids that contains
mainly UFA, i.e., PC aa(36:4), PC aa(38:4), PC
aa(38:5), PC aa(38:6), PC aa(40:6), and LPC(20:4),
found to be associated with a protective effect on
CMR (32; 34).

These results are in line with previous reports.
Liraglutide significantly decreased fasting CER, PC,
LPC, and PE in adult individuals with obesity and T2D
after 18 weeks of treatment (18). Similarly,
exenatide treatment for 3 months significantly
decreased fasting SM, LPC, and PE in adult
individuals with obesity and T2D (19). Similar results
especially on CERs were shown using liraglutide for 6
months vs placebo (17) or healthy controls (20).
Exenatide had no effect on fasting TAGs, but reduced
postprandial TAG concentrations, confirming
previous reports in subjects with T2D treated with
acting (4-6; 38-40) or long acting GLP-1RAs (7; 41).
These were TAGs rich in SFA, previously associated
with high risk of diabetes (29) and CVD (42). In this
study total apolipoprotein B (i.e., Apo-B-48 plus Apo-
B-100) concentration did not change during the MTT
or in response to treatment, excluding that the
changes in TAGs were due to decreased synthesis of
chylomicrons or VLDL.

Interestingly, the baseline analysis shows that
postprandial FFA are richer in SFA compared to the
fasting state (Figure 3), suggesting that in general
more UFA are taken up by peripheral tissues to be
esterified as TAGs or used for the synthesis of other

lipids in the postprandial state, i.e., when triglyceride
assembly and secretion is increased. This s
consistent with data on the composition serum
TAGs, which show high content of UFA (oleate
37.7%, linoleate 15%, palmitoleate 5.1%) vs SFA
(palmitate 29.5%, stearic 4.5% and myristic acid
3.3%) (43). VLDL triglycerides are composed mainly
by FFA derived from adipose tissue lipolysis (59%),
and only 15% from dietary fatty acids (8). These and
our results indicate that for TAG assembly the liver
preferentially uses UFA derived from adipose tissue,
whereas TAG-SFA are from DNL, whose main
product is palmitate and contributes to
approximately 26% of the fatty acids in circulating
TAGs (8).

Exenatide was associated with less suppressed FFA
during postprandial state, in agreement with
previous studies (39). Exenatide did not change
peripheral lipolysis that was suppressed similarly to
baseline, confirming that GLP-1 does not act on
adipose tissue (12). Interestingly, exenatide blunted
the increase in FFA clearance in the first 180min,
favoring the reduction in FFA-SFA, thus affecting
both FFA concentration and composition (Figure 2
and 3). This effect may have a beneficial impact on
CMR, considering that higher stearic and palmitic
acid concentrations at 2h-OGTT were independently
associated with increased risk of incident T2D in a
large Chinese cohort followed for 7 years (44). Again,
a strong negative correlation was found between
palmitate clearance rate and whole-body and muscle
insulin sensitivity in obese individuals (45).

Although the reduction in postprandial TAGs was
modest, this was accompanied by a large
modification in TAG composition, with less saturated
long-chain fatty acids at 180 min especially those
derived by DNL (26) like TAG(46:0), TAG(46:1),
TAG(46:2), TAG(48:0), TAG(48:1), TAG(48:2) and
TAG(50:0) (Figure 4). Of note, we cannot exclude a
possible role of glucagon on TAG changes, by
promoting hepatic fatty acid B-oxidation while
suppressing DNL. Vega et al. (46) reported a marked
reduction of TAGs and DAGs following glucagon

infusion in healthy individuals with
overweight/obesity, but in our study no correlation
was observed between changes in
fasting/postprandial glucagon and TAGs. The

increase at 180 min in the TAG’s saturated
component was then suppressed at the end of the
postprandial phase, 360 min (Figure 2 and 3),
thereby paralleling the time-course of insulin
concentrations (21). The mechanism by which
exenatide decreases FFA clearance is unknown, but
it might also be related to hepatic fatty acid



transport, since in mice it has been shown a decrease
in CD36, together with an improvement in lipidomic
profile and insulin resistance, after treatment with
exenatide (47). The reduction in FFA clearance could
be related also to lower insulin concentrations in
postprandial state (Supplementary Table 3).

During the first 3 hours after the meal, exenatide
reduced also several PCs and also some LPCs,
particularly  LPC(18:0), LPC(18:1), LPC(18:2)
associated with progression of atherosclerotic
plague (48). This is of particular interest since
alterations in fasting lipidomic profile (i.e., SFA,
phospholipids, like PC and LPC, PE and LPE, and CER)
have been associated with increased risk of CVD and
metabolic dysfunction including MASLD (14; 16; 42;
49). In the later phase after the meal, 360 min, both
dihydroceramides and CERs previously reported to
be associated with cardiovascular risk factors and
MACE (15; 16) were further reduced (Figure 5).

The main changes in lipidomic profile occurred
mainly in the postprandial state, whereas we
observed little change in fasting lipid species,
probably because the fasting lipid profile was not
particularly altered in these subjects who did not
have comorbidities.

Our study has several strengths and novelties. We
investigated the effect of exenatide on the
postprandial lipidomic profile, which has never been
investigated before, including a wide range of lipid
species. These results were resistant to the
adjustment by weight changes as a covariate in the
statistical model, suggesting that weight loss is not
the major player in the observed findings. Exenatide
is less potent than the current GLP-1Ras (i.e.,
liraglutide, dulaglutide and semaglutide), so we can
expect that other GLP-1RAs and/or longer treatment
may result in further changes. Secondly, as this study
was performed in subjects without T2D, these results
are also independent of the improvement in
glycemic control and may provide new insights into
the mechanisms behind the beneficial effects of GLP-
1RAs on cardiometabolic diseases.

Finally, the changes in the comprehensive lipids
panel (fasting/postprandial lipidomic profile) in the
context of changes in insulin sensitivity, glucose and
lipid fluxes, measured using stable isotope tracers
and mathematical modelling, add further value to
the study.

The study has some limitations. The group had a
small sample size, consisted of individuals with
severe obesity, mainly females, but otherwise
healthy, limiting the generalizability of the results.
The balanced composition of the MTT, with a 31% fat
content, which limits an excessive postprandial

lipemic response. A 3-month intervention cannot be
considered a true long-term experiment, although it
is certainly sufficient to induce changes in most of
the newly synthesized lipids, but not in fasting FFA
composition. Although the subjects were regularly
reminded of their diet during monthly control visits,
the habitual dietary composition may have differed
between the two groups. The model used to
estimate FFA clearance has also some limitations:
FFA-Ra was calculated assuming the FFA-to-
Ra_Glycerol ratio constant, which may overestimate
FFA clearance, especially in postprandial state when
the FFA-to- Ra_Glycerol ratio might be lower due to
the higher insulin suppression of FFA-Ra than
Ra_Glycerol. However, since EXE treatment did not
change Ra_Glycerol, as with infusion of GLP-1 (12),
we can speculate that the different postprandial FFA
concentrations and composition in the EXE-group
were due to lower and selective postprandial FFA
clearance. However, treatment with long acting
single or dual GLP-1RAs may have greater effects on
changes in lipidomic profile in individuals with higher
CMR, who generally have a worse lipidomic profile
(i.e., subjects with multiple cardiovascular risk
factors, T2D or CVD) (22; 50).

In conclusion, 3-month exenatide treatment had a
beneficial effect on both fasting and postprandial
lipidomic profile blunting the rise in postprandial
triglycerides, reducing FFA clearance and the
concentrations of circulating saturated lipids, like
TAGs, CERs and LPCs associated with CMR. Our
results expand the knowledge about the pleiotropic
effects of GLP-1RA on postprandial CMR factors
independent of glycemic control and after
accounting for weight loss.
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SUPPLEMENTARY MATERIAL

Mixed Meal Tolerance Test Protocol

The mixed meal tolerance test (MTT) consisted of a standard meal (18% protein, 31% fat, and 51%
carbohydrate, total caloric content 585 kcal) that was consumed within 10 min. Tracers ([?Hs]glycerol and
6,6-[2H]glucose) were infused as a primed-constant infusion starting 120 minutes before the meal and
continued until the end of the study (360 min after meal ingetsion) for the measurement of lipolysis and
glucose fluxes, i.e. glucose production and clearance (1). The MTT contained 1.5g of U'3C- glucose to
measure glucose rate of absorption (1).

Arterialized blood samples were taken before the meal and then at regular intervals after the meal for 6
hours (i.e., 15, 30, 45, 60, 90, 120, 150, 180, 240, 300 and 360 min). Measurements of plasma
apolipoprotein A and B concentration and lipidomic analyses were conducted on samples taken at 0,
180min and 360min considering that after mixed meals plasma TAG concentrations rise within 2-3 hours,
reaching a plateau at 3-4 hours, and return to baseline by 6 hours (2).

Measurement of the lipidomic profile

Fasting plasma lipidomic profile was evaluated by liquid chromatography/quadrupole time-of-flight mass
spectrometry (LC 1290 Infinity/MS Q-TOF -6545 Agilent Technology, Santa Clara, CA) equipped with an
electrospray ionization source. Briefly, 10 uL of human plasma was deproteinized with 150 uL of cold
methanol (Merck-Sigma-Aldrich, Darmstadt, Germany) and 10 uL of internal standard and centrifuged at
14000 rpm for 20 min. Subsequently, the supernatant was transferred into 0.2-mL glass inserts in screw-top
vials with Teflon-lined caps (Agilent, Santa Clara, CA) and injected into the LC-MS QTOF. For liquid
chromatography analysis, we used an Agilent ZORBAX Eclipse Plus C18 2.1 x 100 mm 1.8-Micron column at
50°C. Mobile phase A was water with 0.1% formic acid and mobile phase B was isopropanol/acetonitrile
(1:1, v:v) with 0.1% formic acid. The injection volume was 1 pl and the untargeted acquisition was
performed in positive mode.

The quantitative targeted analysis of the spectra (n=94) was performed with the Agilent MassHunter
Profinder B.06.00, a mass spectrometry-based batch-targeted feature extraction software (Agilent, Santa
Clara, CA). Lipid concentrations were calculated by relating the peak area of each lipid species to the peak
area of the corresponding internal standard added to each sample before deproteinization within each lipid
class; the internal standards were DAG(C34:0), TAG(C45:0), PC(C34:0), PE(C34:0), LPC(C17:0),
SM(d18:1/17:0), CER(18:1/17:0) (Avanti Polar Lipids, Alabaster, AL and Larodan, Solna, SE). The proportion
of unsaturated and saturated fat was evaluated using the number of double bonds for each lipid species
and was considered as follows: 0-1 double bounds as saturated and =2 double bonds as unsaturated for
DAG, PC and PE; 0-2 double bounds as saturated and >3 double bonds as unsaturated for TAG; 0 double
bounds as saturated and 21 double bond as unsaturated for CER and LPC.

Plasma FFA composition was measured by gas chromatography-mass spectrometry (GC7890-MS5975,
Agilent Technology, Santa Clara, CA) with electron ionization (El). Briefly, 20 pL of plasma sample was mixed
with heptadecanoic acid (C17:0) (Merck-Sigma-Aldrich, Darmstadt, Germany) as internal standard, 200 pL
of methanol:chloroform 2:1, 100 pL of chloroform (Merck-Sigma-Aldrich, Darmstadt, Germany), and 100 pL
of MilliQ water, vortexed and centrifuged at 14000 rpm for 20 min). The organic phase was dried under
nitrogen flux, reconstituted with 80 uL of acetonitrile (Sigma-Aldrich), derivatized with 20 pL of N,O-
Bis(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane (Merck-Sigma-Aldrich, Darmstadt,
Germany) for 40 min at 752C and measured by GC-MS equipped with a capillary column (DB-5MS J&W, | 30
m; i.d. 0.25 mm; film thickness 0.25 um, J&W, Agilent). FFA composition included myristic (C14:0),
palmitoleic (C16:1), palmitic (C16:0), linoleic (C18:2), oleic (C18:1) and stearic (C18:0) acid. Retention times
for each FFA were identified by a single injection of known standards (Merck-Sigma-Aldrich, Darmstadt,
Germany). The percentage of each FFA was calculated as the area under the peak divided by the total area.
Saturated FFA were calculated as the sum of myristic acid, palmitic acid, and stearic acid, and unsaturated
FFA were calculated as the sum of palmitoleic acid, oleic acid, and linoleic acid.

Hormone measurements

Plasma insulin was measured by electro-chemiluminescence (COBASe411 instrument, Roche, Indianapolis,
USA), and plasma glucagon by radioimmunoassay (Millipore Corporation, Billerica, MA, USA). Plasma GLP-1
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and GIP concentrtaions were measured using a Milliplex® kit (Merck KGaA, Darmstadt, Germany) on
Luminex® (Millipore Corporation, Billerica, MA, USA).

Fasting and postprandial insulin resistance measurements
Insulin resistance during fasting state was assessed as HOMA-IR, Hepatic-IR and Adipo-IR indexes, while in
postprandial state OGIS1s0 was used as index of peripheral insulin sensitivity, as previously reported (1; 3).

Tracer measurements and Calculations of lipid fluxes

Tracer enrichments were measured in plasma samples at all times by gas chromatography/mass
spectrometry (GCMS 5975 Agilent Technologies, Fullerton, CA USA) as described previously (1).

Tracer data during fasting and postprandial state were analyzed with mathematical modeling for the
quantification of rate of appearance of glycerol and glucose fluxes (i.e., glucose production, oral glucose
rate of appearance during postprandial state and glucose clearance) as previously described (1; 3).

FFA uptake by peripheral tissues (Rd_FFA) was calculated as

Rd_FFA(t) (umol/min) = Lipolysis(t) (umol/min) — dFFA(t)/dt x Vol (ml/kg) x BW (kg)

e Lipolysis(t) was estimated as 3 times Ra_glycerol(t), considering that during TAG hydrolysis 1
glycerol and 3 FFAs are released.

e dFFA(t)/dt = [FFA(t)-FFA(t1)]/(t-t1); FFA(t) and FFA(t1) are the concentrations (umol/ml) measured at
time t and at (t1), i.e., the time point just before time (t);

e Vol is the volume of distribution that for FFA considered equal to plasma volume of distribution (4)
and was estimated according to the formula proposed by Lemmens for subjects with severe obesity

(5), i.e. Vol (ml/kg)=70/+/(BMI/22).
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Supplementary Table 1. Anthropometric, fasting, and postprandial parameters in the two treatment groups at
the beginning and after 3 months of treatment.

Control (n=15) Exenatide (n=15) ps
baseline 3 months baseline 3 months
Anthropometric parameters
Gender (n, male/female) 3/12 - 1/14 - 0.999
Age (years) 46+7 - 47+8 - 0.946
Body weight (kg) 120+13 118+17 120422 114+21* 0.039
BMI (kg/m?) 4543 4445 45+8 43+6* 0.043
Waist circumference (cm) 13149 128+13 127+12 119+9* 0.159
Fat-free mass (kg) 57+8 58+7 61+12 59+12 0.200
Fat mass (kg) 63110 60+13* 6011 55+12* 0.097
Glycemic control
HbAlc (%) 5.8+0.3 5.8+0.3 5.810.4 5.7+0.4 0.078
HbAlc (mmol/L) 40+2 40+2 40%3 3943 0.078
Fasting parameters
HOMA-IR 4.612.3 4.4+2.2 5.1+2.5 4.3+2.2% 0.212
Glucose (mmol/L) 5.5%0.5 5.5+0.6 5.3%0.2 5.310.4 0.509
Insulin (pmol/L) 98+55 100459 115459 94+48* 0.054
GLP-1 (pg/ml) 1461254 137240 72484 61138 0.268
GIP (pg/ml) 47423 54+39 62458 54434 0.263
Glucagon (pmol/L) 26+15 26114 2317 2447 0.970
Triglycerides (mg/dL) 93+34 92435 99432 97+40 0.904
Apo Al(mg/dL) 150436 147425 137433 132432 0.844
Apo B (mg/dL) 58+15 60+12 67+16 66+19 0.732
HDL Cholesterol (mg/dL) 52+11 49+11 44+10 4119 0.660
LDL Cholesterol (mg/dL) 121431 126134 126126 120+25 0.117
VLDL Cholesterol (mg/dL) 19+6 19+7 19+6 2049 0.533
FFA (uLM) 6911180 6161159 7201149 6991197 0.425
TAG # (uUM) 6361171 611+134 6501182 611+172 0.800
DAG # (uM) 4331224 4971269 5061301 4514312 0.142
CER* (uM) 612 613 612 6+1 0.213
SM#* (uUM) 137+33 144136 146130 147126 0.651
PCH (M) 577+138 590+127 605+120 614+114 0.902
LPC# (uM) 156121 156126 168+21 160+19* 0.152
Postprandial parameters
Glucose AUCo.150 (mmol/I-min) 1302+157 1263+137 12254124 1046+214* 0.019
Glucose AUCigo-360 (mmol/I-min) 977+105 951+203 980197 993+141 0.605
Insulin AUCo.180 (pmol/L-min) 96332153564 89693+40792 102943156977 58106+37475*  0.038
Insulin AUCago-360 (pmol/L-min) 35971424906 41064+31086 38116+18883 48061+32704  0.477
OGISo-180 (Ml-min-t-m-2) 316142 30852 310+39 359+43* 0.002
GLP-1 AUCo.150 (pg/L-min) 38417+41569 37311+43057 20754111139 13189+7825*  0.146
GLP-1 AUCi1s0-360 (pg/L-min) 34318441699 29825+33000 16730+7599 1559317985 0.383
GIP AUCo.180 (pg/L-min) 55244+20635 54470+16887 62439+24979 37667+28052* 0.017
GIP AUCig0-360 (pg/L-min) 40688117444 40653+14647 40626114471 44027+19250 0.604
Glucagon AUCo.180 (pmol/L-min) 4821+3453  4823+3107 4931+1694  3830+1086* 0.096

Glucagon AUCigo-360 (pmol/L-min) 54474341 501613430 492411630 39901944 0.430
Data are presented as mean + standard deviation. No differences at baseline between group, unpaired t-test. *p<0.05 vs
baseline; $for between-treatments differences in variables changes (3 months minus baseline), ANCOVA general linear
model. #sum of the concentrations of the single species. BMI: body mass index; HbAlc: glycated hemoglobin; HOMA-IR:
homeostatic model assessment for insulin resistance; GLP-1: glucagon-like peptide 1; GIP: glucose-dependent
insulinotropic polypepide; Apo: apolipoprotein; HDL: high density lipoprotein; LDL: low density lipoprotein; VLDL: very low-
density lipoprotein; FFA: free fatty acid; TAG: triacyclglycerols; DAG: diacylglycerols; CER: ceramides; SM: sphingomyelins;
PC: phosphatidylcholines; LPC: lyso-phosphatidylcholines; OGIS: oral glucose insulin sensitivity; AUC: area under the curve.
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Supplementary Table 2. Changes in single lipid species concentrations in the two treatment groups at the beginning and after 3 months of treatment.

Control Exenatide Exenatide vs Control
Lipid species . . 3 mf)nths pvs . 3 m?nths pvs FDR FDR
(nMm) Time baseline mml.ls bas baseline mml.ls bas adj p EXE vs CT adj p*
baseline baseline
DAG(34:2) o' 105.86+52.37 14.64+52.3 0.297 129.45+78.03 -31.24+70.03 0.106 0.366 0.051 0.221 | 0.167
180" 49.91+32.69 3.84+32.85 0.669 54.16+45.78 -15.49+42.06 0.228 0.483 0.200 0.467 | 0.119
360' 185.52+111.14 | 1.24+70.63 0.95 191.67+106.41 | -18.34+137.85 0.64 0.806 0.652 0.789 | 0.899
DAG(34:1) o' 116.88+53.97 14.5+32.95 0.111 133.32+74.41 -9.14+64.75 0.593 0.781 0.218 0.474 | 0.304
180" 108.03+54.07 | 10.06x74.34 | 0.621 110.69+89.89 -26.54+83.87 0.296 0.539 0.249 0.527 | 0.166
360' 181.25+100.84 | 16.68+58.6 0.325 182.8+128.67 | -29.21+159.18 | 0.521 0.736 0.339 0.598 | 0.491
DAG(36:3) o' 75.51+62.11 11.36+36.42 0.247 84.5174.06 -0.78+45.26 0.948 0.964 0.425 0.651 | 0.396
180" 37.134£34.08 6.01+24.71 0.379 41.57+35.03 -14.29+32.14 0.152 0.459 0.081 0.261 | 0.025
360' 146.13+108.14 | 8.79+58.13 0.596 143.59+93.07 -4,15+113.9 0.898 0.944 0.718 0.826 | 0.813
DAG(36:2) o' 134.55+66.87 23.93145.25 0.06 158.62+94.44 -13.33+100.55 0.616 0.793 0.201 0.467 | 0.207
180" 118.15+60.83 | 18.86+110.73 | 0.535 114.72+75.46 -21.35+£74.86 0.344 0.594 0.297 0.568 | 0.103
360' 196.27+127.43 | 28.29+62.05 | 0.126 | 198.32+113.14 | -16.61+151.7 0.7 0.832 0.333 0.598 | 0.372
sum DAG 0' 432.8+224.07 | 64.43£142.93 | 0.103 | 505.89+300.77 | -54.49+269.08 | 0.446 0.692 0.141 0.382 | 0.212
180' 313.22+172.97 | 38.77+236.19 0.55 321.14+243.26 | -77.67+230.17 0.267 0.507 0.217 0.474 | 0.098
360' 709.17+428.03 55+236.05 0.417 | 716.37+434.38 -68.3£558.5 0.667 0.827 0.470 0.675 | 0.605
TAG(44:1) 0' 1.9940.81 0.44+1.33 0.219 2.71+2.25 -0.1612.66 0.82 0.895 0.439 0.659 | 0.656
180' 8.3415.02 1.6+5.99 0.337 12.39+5.28 -8.6616.95 0.001 0.04 0.005 0.024 | 0.004
360' 4.48+3.17 0.18+2.19 0.775 4.6312.69 -0.6614.09 0.574 0.764 0.520 0.721 | 0.820
TAG(46:2) 0' 4.98+1.87 0.74+2.69 0.307 6.38+3.91 -1.22+3.94 0.249 0.494 0.122 0.355 | 0.696
180' 11.68+5.62 2.1316.64 0.251 16.05+6.06 -9.67+7.9 0.001 0.04 0.000 0.022 | 0.004
360’ 6.98+3.95 0.45+2.91 0.591 7.52+4.34 -1.18+5.87 0.482 0.712 0.379 0.629 | 0.815
TAG(46:1) 0' 6.12+2.28 1.1243.59 0.249 6.78+3.48 -0.934£3.73 0.352 0.599 0.1379 0.376 | 0.594
180' 14.58+7.12 2.0917.78 0.334 19.44+7.65 -11.67+9.96 0.002 0.040 0.000 0.025 | 0.007
360' 8.61+4.66 0.55+3.47 0.578 9.06+3.87 -2.1345.67 0.201 0.473 0.159 0.408 | 0.433
TAG(46:0) 0' 2.96%1.23 0.25+1.8 0.594 3.25+1.98 -0.4+2 0.457 0.699 0.358 0.622 | 0.991
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180 7.73+3.43 1.42+3.81 0.186 11.58+4.58 -7.71£5.51 0.001 0.04 0.000 0.007 | 0.001
360 5.91+3.39 0.05%2.62 0.945 5.7613.04 -1.27+4.28 0.307 0.552 0.353 0.616 | 0.602
TAG(48:2) 0' 17.63+6.45 1.5416.96 0.404 19.39+7.75 -2.7+¢8.1 0.217 0.476 0.134 0.371 | 0.551
180 32.59+14.18 2.62+16.21 0.555 37.93+£12.95 -16.461£16.94 0.006 0.079 0.007 0.115 | 0.024
360 20.12+9.34 1.65+6.74 0.395 21.52+7.68 -4.62+11.89 0.187 0.473 0.111 0.341 | 0.396
TAG(48:1) 0' 19.01+7.22 -0.5£8.32 0.818 19.33+7.45 -2.3917.72 0.251 0.494 0.526 0.721 | 0.796
180 34.05+14.25 2.58+14.89 0.528 39.89+£12.79 -18.08+£14.76 0.001 0.04 0.001 0.049 | 0.019
360 20.57+9.24 1+7.08 0.621 21.35+7.96 -4.48+11.93 0.201 0.473 0.167 0.417 | 0.466
TAG(48:0) 0' 8.03+3.67 -0.27+3.86 0.794 8.27+4.23 -1.34+3.92 0.208 0.476 0.457 0.67 0.955
180 15.63+6.43 1.03+5.77 0.516 20.32+7.44 -10.48+7.88 0.001 0.04 0.001 0.019 | 0.003
360 13.48+6.05 0.31+4.7 0.819 13.24+6.46 -3.148.52 0.215 0.476 0.219 0.474 | 0.471
TAG(50:4) 0' 6.15+£3.54 -0.51+3.26 0.557 6.48+4.59 -0.71+£3.41 0.435 0.684 0.870 0.933 | 0.892
180 8.15+3.65 -0.21+3.92 0.846 9.89+4.21 -4.53%3.62 0.001 0.04 0.007 0.117 | 0.037
360' 6.25+3.94 -0.17£2.99 0.839 6.38+3.87 0.12+5.64 0.942 0.964 0.872 0.933 | 0.626
TAG(50:3) 0' 33.7+12.64 -0.45+8.76 0.845 35.62+13.37 -4.04+12.99 0.248 0.494 0.382 0.637 | 0.577
180 52.37+18.25 -0.25+17.32 0.958 56.62+15.06 -16.91+17.13 0.006 0.079 0.021 0.276 | 0.027
360' 33.76+£14.15 0.0419.62 0.989 35.09+£11.87 -4.02+19.21 0.465 0.705 0.502 0.702 | 0.905
TAG(50:2) 0' 57.32+16.58 -4.07£12.91 0.242 58.48+13.93 -6.3116.39 0.159 0.459 0.683 0.801 | 0.847
180' 85.52+25.35 1.05+24.21 0.873 89.03+20.24 -21.03+£21.57 0.006 0.079 0.022 0.237 | 0.017
360' 52.71+17.6 0.32+11.1 0.919 54.5+12.75 -7.06%£20.67 0.241 0.494 0.267 0.546 | 0.577
TAG(50:1) 0' 51.34+16.35 -3.1+13.58 0.392 51.5+£17.41 -5.9+17.25 0.207 0.476 0.625 0.789 | 0.846
180" 83.2+26.35 1.44+23.05 0.819 88.98+23.71 -24.46+21.35 0.002 0.044 0.006 0.115 | 0.052
360' 56.73+18.45 0.35+12.53 0.921 56.99+15.73 -7.38+21.69 0.243 0.494 0.276 0.549 | 0.571
TAG(50:0) 0' 3.62+1.88 0.05+1.91 0.916 4.1+3.16 -0.83+2.73 0.257 0.494 0.312 0.585 | 0.860
180" 8.69%4.16 0.73+2.96 0.373 12.25+5.63 -7.01+5.77 0.001 0.04 0.000 0.019 | 0.002
360' 7.5415.1 -0.06%3.93 0.96 7.57+6.46 -1.98+7.76 0.375 0.625 0.432 0.657 | 0.668
TAG(52:5) 0' 9.58+5.49 -0.73+5.18 0.593 10.37+6.29 -0.8+4.19 0.472 0.708 0.968 0.968 | 0.993
180' 12.14+5.89 -0.97+5.87 0.549 15.4+8.38 -6.55+7.07 0.008 0.085 0.037 0.203 | 0.043
360' 9.48+6.44 -0.27+4.58 0.834 9.42+5.55 0.95+8.35 0.688 0.832 0.646 0.789 | 0.556
TAG(52:4) 0' 44.75+20.16 -0.88+15.86 0.833 46.43+19.29 -0.16+17.29 0.972 0.982 0.906 0.947 | 0.846
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180 65.87+£23.11 -1.43+£18.39 0.776 76.7+23.44 -17.66£19.55 0.01 0.093 0.039 0.203 | 0.029
360 44.26+19.87 -0.55+13.67 0.888 46.2+16.77 3.69+22.21 0.56 0.76 0.563 0.741 | 0.545
TAG(52:3) 0' 100+30.36 -5.95+19.82 0.264 102.17+25.55 -2.17+28.81 0.774 0.861 0.679 0.799 | 0.748
180 141.62+34.49 1.08+27.53 0.885 152.57+29.46 -21.84+23.02 0.007 0.084 0.031 0.203 | 0.025
360 87.44+27.4 -0.42+17.22 0.932 92.12+19.7 -1.19+28.96 0.884 0.938 0.934 0.96 0.981
TAG(52:2) 0' 136.434£29.91 | -5.48+31.67 0.513 132.64+28.65 -3.94+28.87 0.605 0.786 0.890 0.941 | 0.786
180 174.2+38.33 2.84+33.41 0.756 185.68+32.17 -22.7+26.06 0.012 0.103 0.042 0.210 | 0.065
360 114.1+25.38 2+16 0.66 117.26%17.23 -4.22+24.92 0.553 0.758 0.456 0.67 0.687
TAG(52:1) 0' 19.55+7.49 -1.2+5.94 0.447 19.8+11.18 -2.77+7.95 0.199 0.473 0.545 0.731 | 0.741
180 41.02+16.79 2.14+11.96 0.516 47.44+18.75 -19.32+£16.48 0.002 0.040 0.001 0.030 | 0.010
360 25.24+15.41 -0.02+10.21 0.995 27.07+17.03 -5.55+21.13 0.362 0.607 0.403 0.645 | 0.753
TAG(52:0) 0' 1.47+0.62 -0.01+0.6 0.957 1.76+0.8 -0.16+0.98 0.535 0.743 0.610 0.776 | 0.586
180 3.12+1.35 0.56+0.83 0.025 4.22+1.64 -2.17+1.63 0.001 0.04 0.001 0.003 | 0.001
360' 3.83+1.8 -0.12+1.36 0.748 3.34+2.31 -0.58+2.58 0.432 0.682 0.577 0.749 | 0.783
TAG(54:4) 0' 18.4+8.22 -1.61+6.21 0.333 18.2+7.39 1.31+5.88 0.401 0.656 0.196 0.467 | 0.552
180 24.03+9.08 1.3949 0.574 32.07+9.62 -10.51+9.62 0.003 0.051 0.003 0.072 | 0.001
360' 18.17+9.6 -0.2845.78 0.865 19.46+4.75 1.2816.68 0.502 0.725 0.530 0.723 | 0.986
TAG(54:3) 0' 54.15+16.47 -0.98+18.61 0.841 55.95+20.07 -1.55+16.83 0.727 0.832 0.931 0.960 | 0.658
180' 83.39+22.44 2.51+16.86 0.587 94.09+23.4 -16.65+15.16 0.003 0.051 0.005 0.113 | 0.005
360' 54.15+20.75 1.13+13 0.76 59.58+16.7 -2.07+21.23 0.731 0.832 0.647 0.789 | 0.539
TAG(54:2) 0' 27.82+7.84 -1.91+6.98 0.308 29.27+9.87 -1.22+8.38 0.583 0.774 0.808 0.892 | 0.733
180" 53.09+13.84 1.4519.66 0.584 56.67+14.29 -12.37+11.15 0.003 0.051 0.002 0.063 | 0.009
360' 34.76+14.05 0.2318.34 0.924 36.03+£12.89 -2.5+18.46 0.634 0.802 0.631 0.789 | 0.783
TAG(54:1) 0' 3.46%1.18 -0.31+1.16 0.313 3.74+1.87 -0.34+1.4 0.356 0.599 0.946 0.965 | 0.293
180" 9.89+3.38 0.37+2.61 0.605 9.58+4.52 -3.72+3.56 0.004 0.064 0.002 0.063 | 0.028
360' 5.17+3.49 -0.31+2.33 0.638 5.243.51 -0.98+4.4 0.44 0.687 0.634 0.789 | 0.887
TAG(56:6) 0' 3.71+2.64 -0.62+2.32 0.322 2.92+1.55 0.23+1.19 0.471 0.708 0.221 0.474 | 0.469
180' 4.26%3.02 -0.84+2.6 0.247 4.39+2.67 -1.7+2.68 0.050 0.253 0.415 0.645 | 0.394
360' 4.21+3.21 -0.66+1.78 0.203 3.04+1.26 0.85+2.25 0.198 0.473 0.069 0.249 | 0.220
TAG(56:3) 0' 4+1.11 -0.27+1.21 0.396 4.24+1.73 -0.05£1.8 0.923 0.958 0.686 0.801 | 0.935
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180 7.02+2.35 0.04+2.79 0.959 7.23+2.15 -1.37£1.97 0.035 0.215 0.157 0.407 | 0.064

360 5.03+2.87 -0.22+1.64 0.632 5.22+1.87 -0.09+3.34 0.921 0.958 0.901 0.946 | 0.902

sum TAG 0' 636.19+171.41 | -24.7+116.22 | 0.424 | 649.77+181.78 -38.52+174 0.406 0.658 0.889 0.887 | 0.934
180 982.18+263.1 | 25.37£228.08 | 0.684 | 1100.42+230.62 - 0.008

293.22+207.78 | 0.001 0.04 0.001 0.038

360' 642.98+223.37 | 5.16+£143.98 | 0.899 | 667.56%177.96 | -48.18+279.18 | 0.545 0.754 0.546 0.731 | 0.786

CER(d18:1/14:0) 0' 0.04+0.01 0+0.01 0.304 0.05+0.02 -0.01+0.01 0.012 0.103 0.007 0.115 | 0.043
180' 0.03+0.01 0+0.01 0.754 0.04+0.01 0+0.01 0.81 0.89 0.966 0.968 | 0.402

360' 0.04+0.01 0+0.02 0.372 0.04+0.02 -0.01+0.01 0.039 0.219 0.036 0.203 | 0.047

CER(d18:1/16:0) 0' 0.38+0.13 0.04+0.11 0.209 0.48+0.16 -0.03+0.12 0.354 0.599 0.122 0.355 | 0.155
180' 0.32+0.09 0.02+0.09 0.318 0.35+0.12 0.04+0.1 0.17 0.468 0.637 0.789 | 0.782

360' 0.48+0.17 0.07+0.19 0.206 0.48+0.18 -0.1+0.23 0.161 0.459 0.056 0.229 | 0.136

CER(d18:0/16:0) 0' 0.03+0.02 0+0.01 0.217 0.04+0.01 0+0.01 0.257 0.494 0.957 0.965 | 0.823
180' 0.03+0.01 0+0.02 0.347 0.04+0.01 0+0.01 0.105 0.366 0.117 0.348 | 0.250

360' 0.04+0.02 0.01+0.02 0.294 0.05+0.02 -0.01+0.02 0.098 0.362 0.054 0.225 | 0.085

CER(d18:1/18:1) 0' 0.05+0.02 0+0.02 0.625 0.06+0.02 0+0.02 0.402 0.656 0.335 0.598 | 0.269
180' 0.04+0.01 0+0.01 0.599 0.04+0.01 0+0.01 0.263 0.503 0.638 0.789 | 0.894

360' 0.06+0.02 0.01+0.03 0.348 0.06+0.03 -0.02+0.03 0.073 0.321 0.046 0.219 | 0.074

CER(d18:1/18:0) 0' 0.17+0.07 0.01+0.06 0.512 0.21+0.06 -0.01+0.06 0.552 0.758 0.371 0.626 | 0.306
180' 0.16+0.05 0+0.05 0.736 0.17+0.04 0+0.03 0.729 0.832 0.932 0.96 0.857

360 0.23+0.09 0.03+0.13 0.368 0.24+0.1 -0.06+0.12 0.101 0.366 0.067 0.248 | 0.102

CER(d18:0/18:0) 0' 0.04+0.03 0+0.03 0.602 0.04+0.01 0+0.02 0.721 0.832 0.523 0.721 | 0.270
180' 0.03+0.02 0+0.02 0.938 0.03+0.01 0+0.01 0.698 0.832 0.884 0.937 | 0.937

360 0.05+0.03 0.01+0.05 0.412 0.05+0.03 -0.02+0.03 0.024 0.176 0.066 0.248 | 0.039

CER(d18:1/20:0) o' 0.17+0.06 0.02+0.05 0.148 0.23+0.07 -0.02+0.05 0.102 0.366 0.027 0.203 | 0.042
180' 0.16+0.04 0+0.05 0.877 0.18+0.05 0+0.04 0.731 0.832 0.743 0.848 | 0.739

360 0.23+0.09 0.05+0.13 0.146 0.25+0.1 -0.0610.14 0.149 0.459 0.038 0.203 | 0.041

CER(d18:0/20:0) 0' 0.02+0.01 0+0.01 0.305 0.03+0.01 0+0.01 0.692 0.832 0.288 0.566 | 0.387
180' 0.02+0.01 0+0.01 0.18 0.03+0.01 0+0.01 0.82 0.895 0.479 0.681 | 0.728

360 0.02+0.01 0.01+0.03 0.17 0.02+0.01 -0.01+0.01 0.036 0.215 0.048 0.219 | 0.054

20



CER(d18:1/22:0) 0' 0.8+0.28 0.13+0.35 0.163 0.95+0.37 -0.09+0.23 0.158 0.459 0.049 0.219 | 0.040
180' 0.8910.26 0.14+0.43 0.257 0.93+0.23 0.03+0.27 0.708 0.832 0.470 0.675 | 0.883

360' 1.06+0.35 0.36+0.61 0.056 1.1+0.45 -0.23+0.58 0.178 0.472 0.018 0.192 | 0.023

CER(d18:0/22:0) 0' 0.13+0.08 0.02+0.07 0.206 0.15+0.04 0+0.03 0.589 0.779 0.163 0.415 | 0.188
180' 0.1+0.04 0.01+0.04 0.402 0.1+0.03 0+0.03 0.855 0.916 0.439 0.659 | 0.682

360 0.16+0.08 0.05%0.15 0.234 0.17+0.08 -0.05+0.09 0.060 0.287 0.042 0.210 | 0.045

CER(d18:1/24:1) 0' 1.4+0.56 0.15+0.6 0.339 1.56+0.54 0.05+0.45 0.675 0.83 0.594 0.765 | 0.451
180' 1.49+0.55 0.14+0.55 0.353 1.54+0.46 0.07+0.36 0.505 0.725 0.717 0.826 | 0.806

360 1.85+0.74 0.43+0.79 0.076 1.89+0.72 -0.27+0.89 0.300 0.542 0.046 0.219 | 0.231

CER(d18:1/24:0) 0' 1.56+0.65 0.24+0.73 0.232 1.64+0.43 0.01+0.33 0.896 0.944 0.286 0.566 | 0.353
180' 1.85+0.57 0.2+0.7 0.317 1.81+0.34 -0.01+0.38 0.926 0.958 0.374 0.626 | 0.979

360 2.63+0.89 0.53+1.07 0.097 2.47+0.87 -0.4+1.26 0.274 0.514 0.052 0.223 | 0.231

CER(d18:0/24:0) 0' 0.18+0.1 0.03+0.08 0.126 0.22+0.06 0+0.05 0.72 0.832 0.131 0.369 | 0.500
180 0.19+0.08 0.04+0.09 0.165 0.21+0.07 0.02+0.04 0.212 0.476 0.488 0.688 | 0.844

360 0.26+0.13 0.12+0.27 0.118 0.27+0.11 -0.07+0.13 0.08 0.341 0.027 0.203 | 0.031

CER(d18:1/25:0) 0' 0.47+0.15 0.09+0.23 0.142 0.58+0.25 0.06+0.15 0.163 0.459 0.610 0.776 | 0.987
180 0.55+0.16 0.1+0.27 0.203 0.59+0.23 0.09+0.13 0.039 0.219 0.928 0.96 0.702

360 0.69+0.22 0.24+0.39 0.047 0.72+0.24 -0.04£0.33 0.653 0.814 0.058 0.23 0.218

CER(d18:1/26:0) 0' 0.12+0.05 0.02+0.06 0.232 0.15+0.06 0.01+0.05 0.488 0.716 0.602 0.772 | 0.557
180 0.14+0.06 0.02+0.07 0.358 0.14+0.05 0.03+0.02 0.001 0.04 0.538 0.728 | 0.471

360 0.17+0.06 0.06%0.1 0.047 0.18+0.05 -0.01+0.07 0.523 0.736 0.038 0.203 | 0.041

CER(d18:0/26:0) 0' 0.03+0.02 0+0.02 0.65 0.03+0.01 0+0.01 0.557 0.759 0.873 0.933 | 0.915
180 0.03+0.02 0+0.01 0.393 0.04+0.02 0+0.01 0.997 0.997 0.548 0.731 | 0.776

360 0.03+0.01 0.01+0.02 0.213 0.04+0.01 -0.01+0.01 0.024 0.176 0.021 0.200 | 0.033

sum CER 0' 5.59+2.05 0.78+2.11 0.175 6.43+1.82 -0.04+1.35 0.899 0.944 0.213 0.471 | 0.290
180 6.01+1.8 0.67+2.22 0.276 6.22+1.4 0.27+1.12 0.423 0.675 0.573 0.749 | 0.950

360 8+2.67 2+3.69 0.074 8.04+2.64 -1.3613.8 0.223 0.477 0.031 0.203 | 0.121

sum dhCER 0' 0.42+0.25 0.07+0.17 0.147 0.52+0.12 -0.01+0.12 0.829 0.899 0.173 0.427 | 0.310
180 0.4+0.17 0.06+0.17 0.228 0.45+0.13 0.01+0.08 0.601 0.782 0.411 0.645 | 0.989

360 0.55+0.27 0.21+0.52 0.166 0.6+0.23 -0.16+0.27 0.055 0.271 0.030 0.203 | 0.043
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PC aa(30:0) 0' 1.92+1.19 0.27+1.54 0.509 2.14+0.88 -0.14+0.92 0.574 0.765 0.388 0.633 | 0.997
180' 2+1.36 -0.16+1.26 0.639 1.85+0.7 -0.38£1.05 0.24 0.494 0.643 0.789 | 0.395

360 2.15+1.43 0.45+1.41 0.277 2.05+1.06 -0.64+1.37 0.121 0.399 0.059 0.231 | 0.208

PCaa(32:2) 0' 1.37+0.69 0.12+0.99 0.639 1.49+0.72 -0.16+0.49 0.228 0.483 0.332 0.598 | 0.961
180' 1.42+0.74 0.07+1.04 0.809 1.32+0.4 -0.14+0.71 0.503 0.725 0.558 0.739 | 0.573

360 1.31+0.64 0.32+0.73 0.146 1.3+0.67 -0.29+0.88 0.255 0.494 0.067 0.248 | 0.302

PCaa(32:1) 0' 13.27+6.53 0.7516.96 0.681 14.04+6.29 -3.23+4.79 0.021 0.167 0.078 0.263 | 0.271
180' 14.07+£8.02 -1.28+6.28 0.458 12.06%4.75 -2.41+5.87 0.183 0.473 0.643 0.789 | 0.555

360' 13.19+7.11 1.54+6.26 0.393 12.25+4.87 -3.6246.32 0.061 0.288 0.047 0.219 | 0.043

PC aa(32:0) 0' 7.65+2.49 0.72+2.76 0.33 8.54+2.61 -0.12+2.22 0.836 0.899 0.366 0.625 | 0.509
180' 8.28+2.59 0.05+2.86 0.947 7.91+1.6 0.24+1.77 0.654 0.814 0.848 0.923 | 0.508

360 8.07£2.81 0.91£3.29 0.338 7.9612.78 -1.4613.3 0.137 0.438 0.079 0.261 | 0.138

PC(16:0/18:2) 0' 3.13+1.06 0.36+1.12 0.239 3.06+1.41 0.2+0.83 0.377 0.625 0.659 0.795 | 0.988
180 3.29+1.17 0.34£1.76 0.477 3.16%1.16 -0.3+1.32 0.447 0.692 0.308 0.582 | 0.363

360 3.11+1.25 0.71+1.33 0.08 2.91+1.62 -0.51+1.33 0.19 0.473 0.028 0.203 | 0.061

PC aa(34:4) 0' 0.2+0.15 -0.02+0.15 0.667 0.16+0.08 0.03+0.07 0.125 0.406 0.269 0.546 | 0.099
180 0.14+0.07 -0.01+0.08 0.642 0.15+0.07 -0.05+0.09 0.086 0.347 0.293 0.567 | 0.784

360 0.2+0.14 0.02+0.1 0.519 0.17+0.1 0+0.15 0.93 0.958 0.673 0.798 | 0.739

PC aa(34:3) 0' 1.22+0.48 0.07+0.44 0.547 1.21+0.54 0.03+0.49 0.802 0.885 0.822 0.903 | 0.922
180 1.31+0.76 0.09+1.05 0.759 1.12+0.33 -0.06%0.56 0.712 0.832 0.663 0.795 | 0.918

360 1.12+0.39 0.05%0.35 0.619 1.1+0.46 -0.13+0.56 0.415 0.67 0.333 0.598 | 0.557

PC aa(34:2) 0' 175.35+40.47 7.39+44.46 0.53 182.26+47.77 1.84+25.26 0.783 0.866 0.677 0.799 | 0.736
180 149.07+23.53 | 11.86+34.38 | 0.219 155.49+19.2 -8.77+19.87 0.155 0.459 0.079 0.26 0.177

360 192.5+42.29 17.2+45.56 0.199 205.94+60.92 -31.84+66.81 0.111 0.38 0.038 0.203 | 0.057

PC aa(34:1) 0' 122.76+27.61 4.17+25.67 0.539 134.22+31.06 -5.64+22.33 0.344 0.594 0.273 0.547 | 0.548
180 119.88+31.14 4.47+30.1 0.587 122.36+21.62 -4.12+20.38 0.499 0.725 0.410 0.645 | 0.608

360 147.01+£39.47 7.71+26.38 0.313 151.5+40.2 -22.59+47.94 0.115 0.388 0.057 0.229 | 0.100

PC(16:0/20:4) 0' 2.01+1.12 -0.22+0.9 0.355 1.62+0.7 0.47+0.69 0.020 0.167 0.025 0.203 | 0.031
180 1.64+0.8 -0.03+0.94 0.897 1.68+0.73 -0.32+0.9 0.241 0.494 0.433 0.657 | 0.231

360 2.48+1.45 0+0.94 0.994 2.11+1.06 0.15+1.01 0.598 0.782 0.691 0.803 | 0.634
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PC(18:0/18:3) 0' 2.86+1.59 -0.19£1.22 0.557 2.611.18 0.92+1.54 0.036 0.215 0.036 0.203 | 0.094
180' 2.81+1.47 -0.08+1.37 0.838 3.04+1.52 -0.66+1.68 0.205 0.473 0.338 0.598 | 0.235

360 3.55+2.17 0.35+1.67 0.458 3.04+1.38 0.27+2.34 0.683 0.832 0.917 0.956 | 0.869

PC aa(36:5) 0' 1.77+2.23 -0.35+2.39 0.576 0.94+0.72 0.28+0.61 0.096 0.361 0.328 0.598 | 0.465
180' 1.45+1.6 -0.48+1.52 0.255 1.34+1.49 -0.74+1.38 0.091 0.351 0.664 0.795 | 0.744

360 1.87+1.86 -0.14£2.03 0.807 1.15+0.88 0+1.14 0.988 0.991 0.835 0.912 | 0.855

PC aa(36:4) 0' 26.75%£13.78 -3.5349.35 0.165 21.948.23 7.12+8.57 0.006 0.079 0.003 0.069 | 0.013
180' 20.72+8.79 -1.12+9.62 0.67 23.64+8.12 -4.47+11.42 0.202 0.473 0.424 0.651 | 0.322

360 35.68+16.7 -2.43%8.75 0.336 33.67+13.19 1.04+17.77 0.836 0.899 0.532 0.723 | 0.576

PC aa(36:3) 0' 52.58+16.58 -0.05+14.58 0.99 52.34+17 4.11+12.2 0.213 0.476 0.404 0.645 | 0.317
180' 51.46+15.39 0.83%+19.17 0.874 56.56+12.94 -10.42+21.19 0.116 0.388 0.167 0.417 | 0.243

360 70.47+26.49 5.11+20.71 0.391 69.36+28.6 -10.94+39.49 0.338 0.593 0.206 0.467 | 0.370

PC aa(36:2) 0' 93.73%£26.1 6.32+26.25 0.367 107.55+19.12 0.86+15.85 0.836 0.899 0.496 0.695 | 0.868
180 97.03+£26.86 10.03+27.64 | 0.197 115.62+16.75 -14.09+£23.84 0.065 0.296 0.026 0.203 | 0.039

360 115.03+30.59 | 15.52+33.49 | 0.121 137.7+42.48 -27.13+47.06 0.06 0.287 0.013 0.157 | 0.045

PC aa(36:1) 0' 28.29+10.66 3.32+8.92 0.172 33.0149.18 -2.6619.03 0.273 0.514 0.079 0.266 | 0.348
180 37.2+16.79 0.18+14.52 0.964 38.54+11.11 -5.35+£16.58 0.287 0.529 0.373 0.626 | 0.902

360 39.82+18.28 4.9+14.81 0.256 41.79+£18.12 -10.59+26.44 0.174 0.471 0.077 0.260 | 0.236

PC aa(38:6) 0' 6.46%5.85 -1.72+4.64 0.173 3.61+2.87 2.33+3.65 0.027 0.187 0.012 0.154 | 0.016
180 5.84+4.77 -1.25+3.96 0.259 6.73+7.12 -3.1+7.4 0.174 0.471 0.424 0.651 | 0.349

360 8.62+7.58 -1.23+5.2 0.409 5.78+5.32 0.61+5.68 0.707 0.832 0.397 0.644 | 0.703

PC aa(38:5) 0' 2.73t1.54 -0.29+1.21 0.364 2.2+1.01 0.72%0.95 0.011 0.102 0.016 0.177 | 0.028
180 2.01+1.05 -0.07£1.27 0.838 2.54+1.84 -0.79£1.87 0.168 0.467 0.252 0.527 | 0.185

360 3.66+2.33 -0.34£1.22 0.334 3.31+1.31 0.28+1.73 0.563 0.76 0.296 0.568 | 0.450

PC aa(38:4) 0' 13.63+6.89 -1.45+4.7 0.252 13.06+4.54 2.4+4.02 0.036 0.215 0.022 0.200 | 0.036
180 12.52+5.73 -0.15+£5.85 0.923 16.79+7.59 -4.34+8.08 0.09 0.351 0.139 0.378 | 0.174

360 18.1+8.79 -0.6£5.32 0.693 19.47+7.22 -0.77+8.36 0.744 0.838 0.949 0.965 | 0.764

PC aa(38:3) 0' 15.74+7.77 -1.23+£5.75 0.422 16.63+£8.35 -1.33+4.64 0.285 0.527 0.956 0.965 | 0.639
180 17.41+7.35 -0.61+7.87 0.775 21.8349.63 -7.63%£10.65 0.03 0.203 0.065 0.248 | 0.176

360 21.06+11.65 0.8218.91 0.746 23.53+15.71 -8.27+18.94 0.142 0.447 0.130 0.369 | 0.337
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PC aa(40:6) 0' 2.51+2.14 -0.67+£1.73 0.154 1.72+1.25 0.66+1.14 0.042 0.220 0.019 0.190 | 0.040
180' 2.32+1.72 -0.47+1.38 0.229 3.21+3.55 -1.78+3.47 0.103 0.366 0.203 0.467 | 0.238
360 3.47+2.88 -0.52+1.97 0.355 2.71+2.25 -0.04+2.42 0.959 0.972 0.576 0.749 | 0.654
PC aa(40:5) 0' 0.41+0.31 -0.07+0.29 0.374 0.35+0.21 0.03+0.15 0.514 0.735 0.271 0.546 | 0.343
180' 0.331#0.21 -0.03+0.22 0.624 0.47+0.48 -0.25+0.46 0.084 0.347 0.121 0.355 | 0.143
360 0.54+0.44 -0.06£0.33 0.531 0.51+0.29 -0.04+0.37 0.729 0.832 0.873 0.933 | 0.739
PC aa(40:4) 0' 0.36+0.22 -0.04+0.17 0.386 0.33+0.18 -0.02+0.11 0.475 0.71 0.721 0.826 | 0.557
180' 0.35%+0.18 0+0.23 0.995 0.44+0.23 -0.210.22 0.009 0.087 0.033 0.203 | 0.045
360 0.42+0.31 -0.03+0.25 0.71 0.44+0.3 -0.14+0.36 0.194 0.473 0.366 0.625 | 0.632
sum PC 0' 576.72+137.98 | 13.66+128.64 | 0.687 | 605.01+120.42 8.69+86.78 0.704 0.832 0.902 0.946 | 0.623
180' 552.55+131.19 | 22.17+136.34 | 0.553 597.85+79.07 | -70.14+121.22 0.07 0.315 0.082 0.261 | 0.210
360 693.41+187.27 | 50.24+166.8 | 0.299 | 729.76+206.43 - 0.169

116.63+276.97 | 0.155 0.459 0.075 0.259
LPC(14:0) 0' 0.61+0.22 0.05%0.35 0.551 0.67+0.19 -0.1+0.2 0.081 0.341 0.154 0.403 | 0.937
180 0.73+0.33 0+0.36 0.993 0.72+0.16 -0.16%0.23 0.039 0.219 0.212 0.471 | 0.896
360 0.76+0.35 0.09+0.29 0.31 0.71+0.17 -0.12+0.24 0.105 0.366 0.065 0.248 | 0.429
LPC(16:1) 0' 1.71+0.36 0+0.37 0.989 1.87+0.35 -0.2510.31 0.007 0.084 0.054 0.225 | 0.281
180 2.06+0.49 -0.05+0.52 0.73 2.05+0.35 -0.34+0.37 0.008 0.085 0.115 0.346 | 0.360
360' 2.33+0.46 0.03+0.36 0.8 2.23+0.35 -0.22+0.55 0.181 0.472 0.194 0.467 | 0.557
LPC(16:0) 0' 62.91+9 -1.14£8.85 0.638 63.74+12.44 -3.09+4.87 0.028 0.188 0.451 0.669 | 0.964
180' 58.67+5.78 3.62+15.24 0.39 61.01+6 -2.5346.45 0.201 0.473 0.205 0.467 | 0.196
360' 84.28+9.16 -1.11+4.25 0.364 85.9+10.16 -7.25%+14.14 0.089 0.351 0.147 0.391 | 0.111
LPC(18:2) 0' 19.4+4.17 1.35+6.33 0.421 20.95+3.92 0.7944.05 0.463 0.705 0.773 0.866 | 0.552
180' 16.8+4.72 1.97+4.03 0.091 18.82+3.9 -2.94+4.92 0.062 0.288 0.010 0.136 | 0.017
360' 25.07+4.37 1.97+3.79 0.086 26.97+£5.5 -1.72+4.69 0.210 0.476 0.037 0.203 | 0.042
LPC(18:1) 0' 21.39+4.31 1.11+3 0.175 23.9+3.12 -0.97+2.51 0.157 0.459 0.049 0.219 | 0.031
180' 21.6+4.86 1.33+4.6 0.298 23.72+3.39 -1.78+2.1 0.014 0.116 0.041 0.21 0.039
360' 28.37+4.9 1.08+2.91 0.205 29.08+4.45 -2.16%5.47 0.18 0.472 0.071 0.249 | 0.112
LPC(18:0) 0' 41.53+9.58 1.27+7.49 0.524 49.34+8.41 -5.43+5.48 0.002 0.04 0.009 0.132 | 0.001
180' 47.73+7.9 2.31+9.74 0.39 53.99+6.47 -5.03+7.5 0.04 0.22 0.044 0.213 | 0.036
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360' 58.57+8.05 1.74+8.34 0.467 63.23+£10.46 -10.03£11.36 0.008 0.085 0.006 0.113 | 0.004
LPC(20:4) 0' 4.45+1.78 -0.5%£1.54 0.228 4.26+1.33 0.57+0.94 0.034 0.215 0.029 0.203 | 0.027
180' 3.43+1.33 0.08+1.36 0.835 3.88+1.51 -0.42+1.44 0.335 0.592 0.375 0.626 | 0.334
360' 6.43+2.51 -0.7+£1.19 0.057 6.15+2.11 0.08+1.76 0.866 0.925 0.198 0.467 | 0.160
LPC(20:3) 0' 3.07+0.85 -0.35+0.82 0.122 3.29+1.2 -0.3+0.76 0.149 0.459 0.867 0.933 | 0.497
180' 2.2+0.76 -0.04+0.8 0.855 2.63+0.94 -0.65+0.92 0.032 0.208 0.082 0.261 | 0.080
360' 4.24+1.44 -0.17+0.87 0.503 4.46+1.55 -0.77+£1.25 0.047 0.242 0.168 0.417 | 0.365
LPC(22:6) 0' 0.79+0.45 -0.14+0.34 0.137 0.7+0.2 0.13+0.27 0.092 0.351 0.025 0.203 | 0.029
180' 0.61+0.31 -0.024+0.21 0.716 0.75+0.49 -0.13+0.45 0.327 0.583 0.407 0.645 | 0.302
360' 1.15+0.62 -0.14+0.45 0.298 1.03+0.33 0.04+0.31 0.672 0.83 0.265 0.546 | 0.629
sum LPC 0' 155.86+21.25 1.7+23.84 0.786 168.73+21.07 -8.65%13.2 0.024 0.176 0.152 0.401 | 0.732
180' 153.83+£17.69 9.2+27.83 0.238 167.57+12.1 -13.99+11.35 0.001 0.04 0.012 0.154 | 0.032
360' 211.19+14.3 2.79+13.74 0.478 219.76%19.39 -22.14+30.12 0.021 0.167 0.012 0.154 | 0.047
PE(34:2) 0' 6.39+1.79 0.58+4.29 0.608 6.29+2.92 0.37+£3.03 0.642 0.806 0.877 0.934 | 0.896
180' 7.67+3.88 -1.76£3.95 0.118 5.19+3.45 -0.43+4.82 0.762 0.852 0.446 0.666 | 0.376
360' 4.78+0.88 0.19+2.17 0.756 4.79+1.9 -0.92+2.04 0.131 0.422 0.192 0.465 | 0.339
PE(36:2) 0' 2.94+1.22 0.3t1.61 0.481 3.07+1.14 0.61+1.26 0.081 0.341 0.559 0.739 | 0.190
180' 4.45+1.57 0.48+2.35 0.459 5.39+1.92 -1.06£2.69 0.202 0.473 0.133 0.371 | 0.385
360 2.1+0.86 0.29+1.03 0.324 2.11+1.3 -0.24+1.67 0.611 0.791 0.335 0.598 | 0.764
PE(38:4) 0' 0.51+0.32 -0.04+0.29 0.562 0.38+0.16 0.21+0.24 0.005 0.072 0.014 0.163 | 0.015
180' 0.56+0.24 0+0.32 0.981 0.71+0.45 -0.21+0.51 0.176 0.472 0.206 0.467 | 0.356
360 0.45+0.28 -0.04+0.18 0.407 0.35+0.18 0.05+0.35 0.635 0.801 0.412 0.645 | 0.260
PE(38:3) o' 1.34+0.28 -0.1+0.4 0.352 1.29+0.28 0.11+0.33 0.216 0.476 0.128 0.368 | 0.035
180' 1.45+0.38 0.06%0.45 0.642 1.8+0.59 -0.43+0.68 0.051 0.253 0.038 0.203 | 0.102
360 0.91+0.26 0.02+0.26 0.817 1+0.36 -0.12+0.43 0.342 0.594 0.343 0.603 | 0.506
PE(38:2) 0' 7.91+2.94 0.8613.28 0.327 8.7£2.92 1.99+3.42 0.041 0.22 0.364 0.625 | 0.165
180' 14.82+6.94 0.83+7.21 0.672 17.81+5.86 -2.77+8.48 0.282 0.526 0.253 0.527 | 0.420
360 6.5143.2 0.9743.1 0.28 6.5313.69 -0.4945.13 0.734 0.832 0.385 0.633 | 0.664
PE(38:1) 0' 6.97+2.61 0.23+1.67 0.597 6.93+2.13 0.87+1.87 0.092 0.351 0.333 0.598 | 0.233
180' 12.91+6.13 -1.17+4.75 0.376 12.71+3.28 -1.27+4.36 0.335 0.592 0.954 0.965 | 0.739
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360' 5.01+3.05 0.51+2.55 0.484 4.43£2.18 -0.47+£3.38 0.628 0.801 0.413 0.645 | 0.601

sum PE 0' 26.05+6.49 1.83+8.57 0.422 26.67+6.76 4.1618.64 0.083 0.347 0.464 0.673 | 0.267

180' 41.86+15.15 -1.56+14.65 0.697 43.61+12.37 -6.17+17.71 0.253 0.494 0.474 0.677 | 0.782

360' 19.76+7.03 1.94+7.58 0.374 19.21+8.49 -2.19+12.13 0.528 0.736 0.308 0.582 | 0.567

SM(d16:1/18:1) 0' 14.84+3.94 1.02+3.92 0.33 16.11+4.26 -0.02+3.7 0.680
or 0.985 0.991 0.461 0.672

SM(d18:2/16:0) 180' 17.15+4.43 0.45+5.96 0.781 16.94+4.04 -0.32+3.38 0.746 0.838 0.693 0.803 | 0.778

360 15.89+3.59 1.78+4.48 0.178 15.745.13 -2.1616.04 0.222 0.477 0.071 0.249 | 0.182

SM(d18:0/16:0) o' 3.75+1.13 0.71+1.2 0.038 4.55+1.1 0.27+0.94 0.293 0.537 0.269 0.546 | 0.335

180' 4.06%1.1 0.51+1.03 0.088 4.35+0.76 0.4+0.54 0.025 0.18 0.755 0.855 | 0.988

360' 4.27+1.21 0.9+1.54 0.057 4.61+1.37 -0.58+1.68 0.241 0.494 0.028 0.203 | 0.067

SM(d16:1/22:0) 0' 13.38+3.19 1.03£2.83 0.179 14.75+2.93 -1+2.62 0.164 0.459 0.051 0.221 | 0.208

180' 15.44+2.54 0.44+4.2 0.704 15.3+2.47 -0.45+2.39 0.528 0.736 0.524 0.721 | 0.997

360 16.06+4.32 2.4245.6 0.146 15.33+4.15 -2.23+5.24 0.151 0.459 0.039 0.203 | 0.166

SM(d18:2/22:1) 0' 1.37+0.33 -0.06%0.31 0.436 1.45+0.37 0.05+0.47 0.708 0.832 0.452 0.669 | 0.784

180' 1.43+0.27 -0.02+0.26 0.774 1.36+0.29 0.03+0.35 0.735 0.832 0.647 0.789 | 0.731

360 1.76+0.42 0.08+0.45 0.518 1.72+0.5 -0.13+0.59 0.453 0.698 0.318 0.593 | 0.228

SM(d16:1/24:1) 0' 19.28+4.17 0.85+4.09 0.433 20.03+4.03 -0.77+4.2 0.488
or 0.489 0.716 0.293 0.567

SM (d18:1/22:1) 180 23.11+4.13 0.16+6.4 0.925 21.51+3.19 -0.72+3.43 0.942
or 0.48 0.712 0.671 0.798

SM(d18:2/22:0) 360' 21.91+5.1 2.52+6.61 0.194 20.7+£5.76 -2.57+7.1 0.216 0.476 0.070 0.249 | 0.255

SM(d16:1/24:0) 0' 18.27+5.74 1.23+4.55 0.312 19.35+4.3 -1.28+3.88 0.222 0.477 0.114 0.346 | 0.395

180' 23.88+4.84 0.44+8.52 0.851 22.29+3.18 -0.33+3.9 0.775 0.861 0.777 0.867 | 0.683

360' 20.21+6.94 3.53+7.26 0.105 18.98+6.18 -3.1148.07 0.19 0.473 0.037 0.203 | 0.176

SM(d17:1/24:1) 0' 7.77+1.97 0.27+1.92 0.592 8.1+1.87 0.04+2.13 0.784
or 0.941 0.964 0.758 0.855

SM(d18:2/23:0) 180' 10.02+1.92 0.19+3.27 0.832 9.4+1.82 -0.04+1.9 0.946 0.964 0.833 0.912 | 0.999

360 8.47+2.26 1.19+2.83 0.156 8.03+2.37 -0.7943.25 0.401 0.656 0.111 0.341 | 0.222

SM(d18:2/24:1) 0' 21.48+5.54 0.52+4.54 0.665 23.01+£5.88 1.2247.1 0.518 0.736 0.750 0.853 | 0.860
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180 26.52+5.39 -0.04+6.85 0.982 25.24+6.38 0.615.72 0.725 0.832 0.800 0.887 | 0.662

360 25.06+6.04 2.67+7.26 0.21 24.318.31 -1.46+8.96 0.567 0.763 0.208 0.468 | 0.188

SM(d18:2/24:0) 0' 36.95+10.99 1.7249.85 0.51 38.42+8.94 3.11+14.61 0.423 0.675 0.761 0.856 | 0.870
180 49.19+11.04 0.05+15.58 0.99 44.43+8.28 3.86+11.03 0.251 0.494 0.486 0.688 | 0.863

360 42.61+12.61 6.42+14.58 0.138 39.84+13.88 -2.62+19.06 0.629 0.801 0.186 0.455 | 0.177

sum SM 0' 137.094£33.24 7.29+£30.23 0.366 145.76%29.89 1.62+37.4 0.87 0.925 0.651 0.789 | 0.647
180 170.8+31.9 2.18+48.95 0.87 160.84+24.57 3.02+27.14 0.707 0.832 0.958 0.965 | 0.992

360 156.23+39.07 | 21.51+47.47 | 0.128 149.2+43.94 -15.63+57.69 0.348 0.596 0.085 0.268 | 0.166

False Discovery Rate (FDR) was calculated for changes in EXE vs baseline and EXE vs CT (not shown for CT vs baseline as none of the changes were significant).
*p value adjusted for changes in body weight (3 months minus baseline). DAG: diacylglycerol; CER: ceramide; dhCER: dihydroceramide; PC: phosphatidylcholine;
LPC: lysophosphatidylcholine; PE: phosphatidylethanolamine; SM: sphingomyelin; TAG: triacylglycerol.
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Supplementary Table 3. Correlation analyses between changes in the most significative metabolic

changes.
R value p p adj*
AAUCq.180 min Clearance FFA vs
HOMA-IR 0.48 0.008 0.05
AT-IR 0.09 0.65 0.37
Hepatic-IR 0.03 0.90 0.17
OGIS -0.58 0.0009 0.002
AAUCq.180 min Glucose 0.57 0.001 0.008
AAUCo.180 min Insulin 0.61 0.0005 0.003
AAUCo.180 min TG 0.18 0.35 0.773
APalmitateiso min VS
HOMA-IR -0.38 0.04 0.119
AT-IR -0.09 0.65 0.093
Hepatic-IR 0.02 0.91 0.51
OGIS 0.71 0.00001 0.002
AAUCs.180 min Glucose -0.66 0.00001 0.00002
AAUCs.180 min Insulin -0.46 0.01 0.02
AAUCo.180 min TG -0.18 0.35 0.76
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