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A B S T R A C T

Fetal programming by exposure to high-energy diets increases the susceptibility to type 2 diabetes
mellitus (T2DM2) in the offspring. Glucose imbalance during fetal programming might be asso-
ciated to still unknown selective lipid species and their characterization might be beneficial for
T2DM diagnosis and treatment. We aim to characterize the effect of the lipid specie, C24:0 cer-
amide, on glucose imbalance and metabolic impairment in cellular and murine models. A lip-
idomic analysis identified accumulation of C24:0 ceramide in plasma of offspring rats exposed to
high-energy diets during fetal programing, as well as in obese-T2DM subjects. In vitro experiments
in 3T3L-1, hMSC and HUH7 cells and in in vivo models of Wistar rats and C57BL/6 mice
demonstrated that C24:0 ceramide disrupted glucose balance, and differentiation and lipid
accumulation in adipocytes, whereas promoted liver steatosis. Mechanistically, C24:0 ceramide
impaired mitochondrial fatty acid oxidation in adipocytes and hepatic cells, tentatively by fa-
voring reactive oxygen species accumulation and calcium overload in the mitochondria; and also,
activates endoplasmic reticulum (ER) stress in hepatocytes. We propose that C24:0 ceramide
accumulation in the offspring followed a prenatal diet exposure, impair lipid allocation into
adipocytes and enhances liver steatosis associated to mitochondrial dysfunction and ER stress,
leading to glucose imbalance.
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1. Introduction

The Developmental Origins of Health and Disease (DOHaD) theory states that external stimuli during early life (prenatal stage) can
permanently program the health or disease in later life [1]. Accordingly, maternal obesity and/or maternal overnutrition in humans
associates with an increased risk of metabolic-related disorders in the offspring [2]. In previous reports, we identified that maternal
programming by exposure to energy-dense diets promotes overfeeding [3,4], obesity and type 2 diabetes mellitus (T2DM) [5] and
addiction-like behavior phenotypes for food intake in the offspring [6,7]. Of note, maternal programming by high-energy diets sets a
plasma lipidomic signature in the offspring which correlates with glucose intolerance, insulin resistance and liver steatosis [4,7–9].

Lipidomic characterization of plasma from obese individuals identified accumulation of lysophosphatidylcholines, C18:0 ceramide
and dihydroceramides, which associate with T2DM [11–14]. Ceramide are synthetized by De novo pathway which begins with the
condensation of l-serine and a fatty-acyl CoA such as palmitoyl- CoA, myristoyl CoA, or stearoyl CoA at the endoplasmic reticulum in
the brain, liver, kidney, skin, heart, leukocytes, and intestine [15,16]. Accordingly, exposure to high-fat diets in humans increases
circulating d18:0–24:0, d18:1–24:0 and 24:1 ceramides species [13]. Accumulation of C16:0 and C18:0 in murine models of obesity
leads to increased body weight gain, insulin resistance and glucose intolerance [17–19], whereas a reduction in C16:0 and C18:0
ceramides trough deletion of ceramide synthesizing enzymes improves insulin sensitivity and glucose metabolism [17–19]. Mecha-
nistically, C16:0 ceramide seems to bind to the mitochondrial fusion protein MFN2 promoting mitochondria fragmentation and insulin
resistance [17]. In fact, C16:0 disrupts mitochondrial dynamics in different disease models including preeclampsia [20], carcinoma
[21], and cardiac dysfunction [22]. Notably, we and others reported that defective mitochondria dynamics prompts the development
of metabolic disorders in obese mice [23–25], and in the offspring of mothers exposed to energy-dense diets during gestation [26,27].
Also, ceramides disrupt the insulin signaling pathway (IRS, Akt) in several metabolic-associated tissues affecting glucose balance [28].
These data suggest that prenatal exposure to energy-dense diets primes ceramides accumulation in the plasma of offspring, negatively
modulating mitochondria dynamics and favoring metabolic disturbances. However, a cause-effect relationship between prenatal
programming, early synthesis of selective ceramides species and glucose imbalance has not been fully established.

Ectopic lipid accumulation in tissues such as the liver, skeletal muscle and the heart leads to lipotoxic cell death. To prevent
lipotoxicity, excess lipids are safely stored in white adipose tissue (WAT), which can undergo substantial cellular and structural
remodeling aiming at optimizing its storage capacity to allocate nutrients overload as a response to increased energy intake [29].
However, once WAT expansion limit is reached, adipocyte differentiation decreases, and adipocytes become hypertrophic preventing
further fat storage. Increased lipolysis in hypertrophic adipose tissue leads to fat accumulation in ectopic organs, causing metabolic
derangements [29]. Seminal reports in cellular and murine models documented that ectopic accumulation of ceramides is a major
trigger of lipotoxic damage favoring insulin resistance and glucose imbalance [30–32]. However, the current literature has not
identified the ceramide species involved in the disruption of adipose tissue remodeling or glucose imbalance during prenatal stages.
Also, these studies fail in describing a mechanism for impaired mitochondrial dynamics during adipose tissue dysfunction.

In the current study, we identified the C24:0 ceramide in plasma of both offspring of rats exposed to high-energy diets during
gestation and in obese-T2DM subjects, as a lipid specie that induces adipose tissue dysfunction. Herein, we provided direct evidence
using in vitro and in vivomodels that plasma C24:0 ceramide disrupts lipid accumulation in adipose tissue and induces hepatic steatosis
trough impairment of mitochondrial function in adipocytes and hepatocytes as well as inducing ER stress in hepatocytes.

2. Materials and Methods

2.1. Obese and T2DM human cohorts

All participants provided written informed consent under protocols approved by the institutional review board at the Universidad
Autónoma de Nuevo Leon, México and were conducted in accordance with the Declaration of Helsinki of the World Medical Asso-
ciation. Participants were included into two cohorts: Cohort 1, insulin-sensitive obese subjects (Women n= 40, Male n= 20); Cohort 2,
insulin-resistant obese-type 2 diabetes mellitus (T2DM) subjects (Women n= 34, Male n= 18). Inclusion criteria for obese cohort was
18–70 years aged and BMI ≥30 kg/m2. Inclusion criteria for the obese-T2DM cohort according to the American Diabetes Association
was 18–70 years aged, BMI≥30, fasting glucose≥126 mg/dL (7.0 mmol/L), post prandial plasma glucose≥200 mg/dL (11.1 mmol/L)
after a 75-g oral glucose load, HbA1c levels ≥6.5 % (48 mmol/mol), T2DM evolution no longer than 6 months. None of the patients
received insulin treatment, metformin and/or sulfonylureas.

2.2. Animals and experimental design

2.2.1. Diets
The control diet was standard chow containing 57 % carbohydrates, 13 % lipids, and 30 % proteins, caloric density = 3.35 kcal/g

(LabDiet, St. Louis). The cafeteria (CAF) diet was made of liquid chocolate, biscuits, bacon, fries potatoes, standard diet, and pork paté
based on a 1:1:1:1:1:2 ratio, respectively; total calories 3.72 kcal/g in 39 % carbohydrates, 49 % lipids, 12 % proteins, and 513.53 mg
of sodium, caloric density = 3.72 kcal/g, as we reported before [3,5,6,33–37].

2.2.2. Fetal programming model in Wistar rats
We used two-month-old wild-type female (200–250 g) or male (250–300 g) Wistar rats, or two-month-old wild-type male C57BL/6
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mice (25–30 g). Animals were maintained and used in accordance with the guidelines of the Institutional Animal Care facility and was
approved by the local Animal Care Committee (BI0002). Rats or mice were housed individually in Plexiglas-style cages, maintained at
20–23 ◦C in a temperature-controlled room with a 12-h light/dark cycle. Water was available ad libitum in the home cage.

For the fetal programming protocol, we followed the reported experimental procedures [3,5,6,33–37]. In brief, virgin female rats
(n= 10) were randomly divided in two batches; one was fed ad libitumwith control diet (Control group, n= 4), and the second was fed
the CAF diet (CAF group, n = 6) for 9 weeks (pre-pregnancy, pregnancy and lactation). Rats were mated with age matched Wistar
males for two days, after which males were removed from the home cage. Pregnancy diagnosis was performed in females after mating
by vaginal plug. Female rats lacking copulation plugs were returned to the home cage for a second mating. Pregnant rats were kept on
the same diet after birth and during lactation. Male offspring were weaned at post-natal day 21, divided in three groups of 10–12
animals. Offspring of rats fed the control diet were maintained in the control diet (Control), whereas offspring of rats fed the CAF diet
were divided in two groups; one was fed the control diet (CAF-Control) ant the other was fed the CAF diet (CAF-CAF). Body weight and
food intake were measured weekly during the experiment (see Fig. 2A). Female offspring were allocated to a second experimental
protocol currently active.

2.2.3. Chronic C24:0 ceramide administration in mice
Ceramide 24:0 stock solution was dissolved in dimethyl sulfoxide (DMSO) and diluted 1:2 final ratio in free fatty acid-bovine serum

albumin. Ceramide 24:0 stock was mix with saline 1:2 final ratio in fatty acid free-bovine serum albumin (FAF-BSA) as described
below. Control mice were administered with saline 1:2 in FAF-BSA. The effect of chronic ceramide 24:0 administration on glucose
metabolism, adipose tissue remodeling, insulin secretion and mitochondria dynamics was evaluated in two experiments as follow:

Experiment 1: effect of chronic C24:0 administration on glucose and weight homeostasis: Two-month-old wild-type C57BL/6 male
mice were allocated into two groups: Control (saline, n = 10) and C24:0 ceramide (n = 12). Daily intraperitoneal injections of saline
(100 μL) or C24:0 ceramide (3.5 nmol/ml), respectively, were performed for 4 weeks. Food intake and body weight were recorded
daily, and intraperitoneal glucose tolerance and insulin tolerance test (ipGTT, ipITT) assessments were evaluated at 3rd and 4th weeks,
respectively, as described below. Food efficiency ratio was evaluated by analyzing total food intake divided into body weight change
(total food intake/final weight - starting weight). Mice were euthanized at 5th week (see Fig. 3A). Ceramide dose was based on
previous reports documented in plasma of C57BL/6 mice [38].

Experiment 2: effect of chronic C24:0 administration on glucose and weight homeostasis and adipose tissue remodeling. Two-
month-old wild-type C57BL/6 male mice were allocated into two groups as follow: Control (saline, n = 20) and C24:0 ceramide (n
= 24), as described in Experiment 1. Followed Saline or C24:0 administration, animals were fed either the control or the CAF diet for 4
weeks. Food intake and body weight were recorded daily, and GTT and ITT assessments were evaluated at 7th and 8th weeks,
respectively, as described below. Mice were euthanized at 9th week (see Fig. 4A).

2.2.4. Intraperitoneal glucose tolerance and insulin tolerance test (ipGTT, ipITT) assessments
Mice were food-deprived for 8 h–12 h and were i.p. injected with 40 % glucose or 1 U of insulin/100 g body weight for ipGTT and

ipITT evaluation, respectively. Blood glucose levels were quantified from a drop of blood from the caudal vein, using a glucometer
(Accu-Check, Cat. 05987270, Roche) at 0 min, 15 min, 30 min, 60 min, 90 min, and 120 min, as described previously [3,5]. Blood
samples were also obtained at 0 min, 15 min, 30 min and 60 min, during the GTT. Serum was obtained by centrifugation at 1300 rfc x
10 min at 4 ◦C and insulin levels were determined by ELISA (Rat/Mouse Insulin ELISA, Merck Millipore).

2.3. Rat and mice blood and tissue collection and human plasma collection

Male rats and mice were food-deprived overnight and euthanized by decapitation at 9th weeks of age, respectively. Blood samples
were collected in 500 μL tubes (Beckton Dickinson), plasma fraction was separated by centrifugation at 1300 rfc x 10 min at 4 ◦C and
stored at − 80 ◦C. Liver, white adipose tissue and skeletal muscle were dissected, snap-frozen in liquid nitrogen and stored at − 80 ◦C.

Venous blood samples from obese and T2DM subjects were collected by an experienced phlebotomists after an 8–12 h overnight
fasting in 5 ml tubes (BD Vacutainer- Ethylenediaminetetraacetic acid). Plasma fraction was separated by centrifugation as described
and stored at − 80 ◦C.

2.4. Mass spectrometric determinations of ceramides and acyl glycerides

Lipids were extracted from 10 μL of human or mouse plasma as previously described in Fuller et al. [39], with the exception that 20
pmol of 1,3-dipentadecanoylglycerol (DG (15:0/15:0); Sigma-Aldrich, St. Louis, MO, USA) and 10 pmol of N-heptadecanoyl-D-ery-
thro-sphingosine (Cer (d18:1/17:0); Avanti Polar Lipids Inc., Alabaster, AL, USA) were added as internal standards. Extracted cer-
amide (Cer) and diacylglycerol (DG) were quantified by liquid chromatography electrospray ionization tandem mass spectrometry
(LC-ESI-MS/MS) as previously described [40]. Individual species were measured by multiple reaction monitoring (MRM) with Cer
transitions, while DG species were measured using the ammonium adduct and fragment arising from the neutral loss of one fatty acid.
DG species were named with an underscore where the sn position of the fatty acid could not be determined. Thirty eight DG transitions
were monitored with 12 observed in mouse plasma: 16:0_18:2 (610.5/313.3), 16:0_20:4 (634.5/313.3), 16:0_22:6 (658.5/313.3),
18:0_18:1 (640.6/339.3), 18:0_18:2 (638.6/341.3), 18:0_20:4 (662.6/341.3), 18:1/18:1 (638.6/339.3), 18:1_16:0 (612.6/339.3),
18:1_18:2 (636.6/339.3), 18:1_18:3 (634.5/339.3), 18:1_20:4 (660.6/339.3), 18:2/18:2 (634.5/337.3). Concentrations were deter-
mined by relating the peak area of each species to that of the internal standard using MultiQuant software (v. 3.0.1; AB SCIEX,
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Framingham, MA, USA).

2.5. Oil red staining for lipid accumulation and Hematoxylin and Eosin staining (H&E) in tissue sections

Liver and subcutaneous adipose tissue (SAT) samples were fixed in 10 % formaldehyde andmorphological analysis were performed
as reported [41].

2.6. Morphometric analysis of adipose tissue

Adipocyte diameter was assessed on randomly chosen H&E-stained slides in nine planes for saline or C24:0 ceramide groups. We
analyzed sixty adipocytes per group. Microphotography’s show 20X and 40× magnification after.

2.7. Isolation of adipocytes from WAT and measurements of mitochondrial membrane potential (ΔΨm) and reactive oxygen species (ROS)
generation

Mouse subcutaneous adipocytes were isolated as described [42] with minor modifications. In brief, after euthanasia inguinal SAT
fat pads were dissected andminced carefully with scissors until no obvious tissue pieces were visible. The minced tissue was digested in
a 37 ◦C shaking water bath at 200 rpmwith 10mL Phosphate Buffer Saline (PBS) containing 1% bovine serum albumin (BSA), 2 mg/ml
Dispase II (Sigma) and 2 mg/ml Collagenase D (Roche). Afterwards, the digested tissue was filtered through a 100 mm nylon mesh
strainer and washed 3 times using a total of 40 mL wash buffer (1 % BSA in PBS, pH 7.4) at room temperature. After every round of
washing, adipocytes were allowed to float for 3–5 min and the infranatant was carefully removed using a Pasteur pipette. Finally, a
sample of isolated adipocytes was filtered using a 100 mm nylon mesh strainer in PBS for H&E staining.

Mitochondrial membrane potential in primary adipocytes was measured using tetramethylrhodamine, Ethyl Ester, Perchlorate
(TMRE; Sigma, Aldrich, Darmstadt, Germany) and ROS production levels were measured using dihydroethidium (DHE; Invitrogen, St
Louis, MO, USA) for O2− quantification by flow cytometry. In brief, isolated adipocytes were stained with BODIPY (2 μM, Thermo-
fisher) TMRE (100 nM, Thermofisher) or DHE (1 μM) and incubated for 30 min at 37 ◦C. Later, adipocytes were rinsed once in PBS and
analyzed by flow cytometry (BD Accuri C6) using the FL1 for BODIPY+ and the FL3 channel for TMRE + or DHE+. All of the events
that were positive for the FL1 channel were considered as adipocytes and that is where wemeasured the loss of mitochondrial potential
or ROS production using the BD Accuri C6 software.

2.8. Cell culture

The 3T3-L1 mouse preadipocyte cell line (ATCC, Manassas, Virginia), humanmesenchymal stem cells (hMSC) and HUH7 cells were
expanded in Dulbecco’s modified Eagle’s medium (DMEM high glucose 4.5 g/l, Caisson Labs, EEUU, Utah), 10 % (vol/vol) newborn
calf serum (Fetal Bovine Serum, Sigma Aldrich, EE.UU, Missouri), 50 units/ml penicillin, and 50 μg/ml streptomycin (Penicillin/
Streptomycin, Sigma Aldrich, EE.UU, Missouri) in 5 % CO2 incubator at 37 ◦C. After confluence, 3T3-L1 and hMSC cells were induced
to adipocyte differentiation for 14 days by using DMEM supplemented 1 μM dexamethasone, 0.5 mM isobutylmethylxanthine and 100
nM insulin as we reported previously [41].

2.9. Cell viability analysis

C24:0 ceramide (C24 Ceramide (d18:1/24:0) N-lignoceroyl-D-erythro-sphingosine, Avanti Polar Lipids Inc, EE.UU, Alabama) was
solubilized in 1 % DMSO and in DMEM media containing 10 % free fatty acid-free Bovine Serum Albumin (Equitech-Bio Inc, EE.UU,
Texas) to a final concentration of 5, 10, 15, 20 and 25 μM in 100 μl medium. Then, 3T3-L1, hMSC and HUH7 cells were stimulated with
C24:0 ceramide for 24 h and incubated with 150 μMMTT (Cell proliferation kit I, Roche Diagnostics, Mannheim, Germany) during 1 h
at 37 ◦C in a CO2 chamber. Cell viability was quantified at 570 nm wavelength. Results are expressed as percentage of MTT reduction
relative to control cells treated with 0.1 % DMSO.

2.10. Quantification of lipid accumulation in 3T3-L1 and the human mesenquimal stem cells (hMSC) and ceramide profiling by lipidomic
analysis

Lipid accumulation in 3T3-L1 adipocytes and hMSC (donated by Dr.Koromilas, McHill University, Montreal, Canada) treated with
C24:0 ceramide for 14 days was quantified using the oil red solution following manufacturer’s instructions. Images were taken in a
PrimoVert microscope and an AxioCam ERc5s camera (Zeiss). Oil red stain was quantified at 510 nm using the iMark Microplate
Absorbance Reader (Bio-Rad).

Adipocytes differentiated from hMSC were treated with 50uM C24:0 ceramide for 24 h. Following incubation, the medium was
removed, and adipocytes were washed twice with 1 ml of PBS. Then lipid extraction was performed using the Bligh & Dyer method
[43]. Briefly, adipocytes were dried upside down for 5 min and removed from the culture plate using a mixture of 905uL of water plus
2 mL of methanol (MeOH). This mixture was then transferred to a clean culture glass tube and 900 μL of dichloromethane (DCM) and
50uL of a custom standard mixture of labeled lipids were added to each sample (Avanti UltimateSplash# 330820). Themixture was left
for 30 min at room temperature, after which 900uL of DCM and 1 mL of water were added. Then samples were vortexed and
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centrifuged at 4600 rpm for 10 min. The organic layer was transferred to a clean glass tube. These steps were done twice to isolate
lipids. The pooled organic layers were dried using a LabConco Centrivap at 30 ◦C for 90min. After drying, samples were reconstituted
in 550uL of 10 mM ammonium acetate in DCM:MeOH (50:50).

Lipids were analyzed using a previously published direct injection-differential mobility spectrometry-mass spectrometry method
[44]. Ninety microliters of each sample were injected and analyzed via fluid injection (FIA) at a flow rate of 8uL/min using an LC -
Exion AD 30. The 6500+ QTRAP (Sciex) platform is equipped with a SelexIon unit, enabling differential mobility separation (DMS).
Analysis was conducted using a targeted acquisition list (MRM) with DMS on (Method 1) and DMS off (method 2). Collectively, this
allowed for the quantitative measurement of 19 lipid classes, including ceramides. DMS was tuned using EquiSPLASH LIPIDOMIX
(Avanti # 330731). Data analysis was performed using the Shotgun Lipidomics Assitant (SLA), a Python-based tool developed by Su
et al. [44]. The SLA allows for the customization of lipid and standard Multiple Reaction Monitoring (MRM) transitions and performs
isotope corrections, which improve the quantitative accuracy of the data. The data shown herein corresponds to the ceramide profiling
of the adipocytes after the stimuli with 50uM of ceramide 18:1/24:0.

2.11. Measurements of mitochondrial respiration, membrane potential (ΔΨm) and mitochondrial Ca2+ content

HUH7 cells were treated with 0, 12.5, 25 and 50 μM of C24:0 for 48h following by sequential addition of oligomycin (2 μM),
carbonyl cyanide-p-trifluoromethoxy phenyl-hydrazone (FCCP) (0.5 μM), a mixture of rotenone plus antimycin A (1 μM) and 2-Deox-
yglucose (50 mM). Basal, maximal, non-mitochondrial and ATP-linked respiration, proton leak, the spare respiratory capacity and
glycolytic and measure oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were analyzed by Seahorse
Extracellular Flux (XF) 96 Analyzer (Agilent Technologies, USA) using the Mito Stress Test Kit. Data were analyzed as described [5].

HUH7 cells, were maintained as described previously and were pre-treated with indicated treatments and then cells were loaded
with 1 ml Hank’s Balanced Salt Solution (HBSS) pH 7.3–7.4, containing 25 nM TMRM (Thermo fisher, Massachusetts, EEUU) for ΔΨm
and 1 μM ER-Tracker Green (Thermo fisher, Massachusetts, EEUU) for 30 min at room temperature (RT). After 30 min cells were
washed. Analysis of mitochondrial Ca2+ levels was performed as described previously and cells were loaded with HBSS containing 20
μMRhod-2 AM (Thermo fisher, Massachusetts, EEUU) and 0.02 % Pluronic F-127 for 30 min at RT. Measurements were acquired using
a Zeiss Axiovert 100M confocal microscope with a Plan-Neofluar × 63/1.25 oil immersion objective lens at RT. TMRM fluorescence
was excited at 543 nm and ER-Tracker Green excited at 488 nm wavelength laser. Rhod-2, AM fluorescence was excited at 514 nm.
Laser power was kept as low as possible to avoid bleaching of the signal. In all experiments, data were collected every 15 s for 12 min.

2.12. Evaluation of endoplasmic reticulum (ER) stress in HUH7 cells

HUH7 cells were treated with 25 μM C24:0 or tunicamycin (Sigma) at a concentration of 1 μg/mL. Tunicamycin is a N-linked
glycosylation inhibitor that induces endoplasmic reticulum stress due to accumulation of misfolded proteins in the ER lumen. Cells
were collected after 8 or 24 h and lysed in ice-cold RIPA buffer for protein extraction. For protein extraction, cell lysates were mixed in
a TissueLyser (Qiagen), incubated on ice for 30 min and centrifuged at 17,400×g for 15 min at 4 ◦C. The supernatant was transferred to
a new tube and stored at − 80 ◦C until use. Protein concentration was determined with the Lowrymethod. Protein samples (40 μg) were
separated on a 10% SDS-polyacrylamide gel and transferred to a polyvinylidene difluoride (PVDF) membranes (Hybond-P, Amersham,
GE Healthcare, Chicago, IL, USA) using a wet electroblotting System (Bio-Rad, Hercules, CA, USA). The membranes were blocked for 1
h with 5 % non-fat dry milk and incubated with primary antibodies diluted in blocking solution overnight. Primary antibodies were:
eIF2a, JNK, p-eIF2a, p-JNK, CHOP and SREBP-1 (Merck Millipore, Burlington, MA, USA). ATF6, BiP, XBP1, and tubulin (Santa Cruz
Biotechnology). Membranes were washed three times with TBS-T for 10 min and then incubated with horseradish peroxidase-
conjugated secondary antibody (goat anti-rabbit or rabbit anti-goat) for 1.5 h at RT. Quantification was performed using a chemi-
luminescent detection reagent (Millipore, MA, USA). Digital images of the membranes were obtained by a ChemiDoc MP densitometer
and processed by Image Lab software (Bio-Rad). The results are reported as phosphorylated/total protein ratio. A value of 1 was
arbitrarily assigned to the control group, which were used as a reference for the other conditions.

2.13. Statistical analysis

Results were expressed as mean± standard error of mean. For Western blot statistical analysis, we used ANOVA following post-hoc
Tukey test using the program Graphad Prism Version 7. For semiquantitative analysis, we used the ANOVA test followed by Kruskal-
Wallis one-way test using Number crunched statistical software (NCSS, LLC, Utah, United States). *p< 0.05, **p< 0.001. The data sets
generated and/or analyzed during the current study, including the lipidomic profile, are available from the corresponding author on
reasonable request.

3. Results

3.1. Obese-T2DM subjects display accumulation of C24:0 ceramide in plasma

Fetal programming is a critical determinant in the regulation of energy metabolism throughout life. However, the mechanisms
involved in fetal programming-induced metabolic derangements are not fully understood. To identify potential lipid species associated
with altered glucose metabolism, we performed a blood lipidomic profile of obese and obese-T2DM subjects to identify potential
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lipidomic markers of metabolic disorders. Plasma ceramide profile in obese-T2DM women showed a selective and substantial increase
in the C24:0 ceramide but no changes in C16:0, C18:0, C20:0, C22:0, C23:0, and C24:1 species with respect to obese non-diabetic
woman (Fig. 1 and 2, Supplementary Fig. 1A). Resembling the profile found in obese-T2DM women, obese-T2DM men showed
major accumulation of C24:0 ceramide, but also presented higher levels of C16:0, C22:0 and C24:1 ceramides relative to obese non-
diabetic men (Fig. 1B, Supplementary Fig. 1B). Therefore, our present findings identify plasma 24:0 ceramide as a novel lipidic
biomarker in a cohort of obese T2DM subjects from México.Fig 3 and 4

3.2. Fetal programming by CAF diet exposure leads to plasma C24:0 ceramide accumulation in young offspring of rats

Next, we tested the hypothesis whether exposing dams to a high-energy diet during the fetal stage modulates plasma C24:0 cer-
amide accumulation in the offspring at early stages of life. We found that fetal programing by feeding F0 females with a CAF diet during
the prenatal stage did not change the body weight of the offspring (CAF-Control group) compared with the offspring of dams fed
control diet (Fig. 2B). By contrast, offspring switched to CAF after weaning (CAF-CAF group) showed a time-depend significant
decrease in body weight with respect to those switched to control (CAF-Control) (Fig. 2B). We also found that exposure to CAF during
the fetal period and after weaning (CAF-Control and CAF-CAF groups) promoted fat accumulation in liver, as evidenced by an increase
in the number and size of intracellular lipid droplets (Fig. 2C and D). Lipidomic analysis confirmed that CAF exposure before weaning
(CAF-Control) significantly increased C23:0, C24:0 and C25:0 ceramide levels in the offspring, whereas maintaining the CAF diet after
weaning (CAF-CAF) increased the C16:0, C18:0, C20:0, C22:0, C23:0, C24:0, C24:1 and C25:0 species (Fig. 2E and F). Our data also
show that fetal exposure to CAF diet induced significant changes in plasma glycerol species: DG (18:0_18:1, 18:1_16:0, 18:1_18:2,
18:1_18:3) for CAF-Control and CAF-CAF groups when compare to control, respectively (Fig. 2G and H); whereas, an increase of
plasma DG (16:0_18:2, 16:0_20:4, 18:1_20:4 and 18:2/18:2) was selectively identified in the CAF-CAF group (Fig. 2G and H). These
data give evidence that fetal programming by CAF exposure leads to hepatic steatosis and plasma C24:0 ceramide accumulation in the
young offspring.

Fig. 1. C24:0 ceramide accumulates in blood samples of male and female obese and obese-T2DM subjects. A-B) Blood samples were collected from
female obese (n = 40) or obese-diabetic (n = 34) and male obese (n = 20) or obese-diabetic subjects (n = 18) as described Materials and Methods.
Plasma concentrations were determined by quantitative tandem mass spectrometry. Data are expressed as mean ± SEM. *p < 0.05, **p < 0.001,
***p < 0.0001 of obese-T2DM vs. obese following ANOVA and post-hoc Tukey ′s test. Abbreviations, OB: Obese; T2DM: Type 2 diabetes Mellitus.
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Fig. 2. Fetal programming by CAF diet accumulates plasma C24:0 ceramide in offspring of rats. A) Maternal nutritional programing was performed
by exposing mothers (n = 10) to ad libitum control chow diet (Control group, n = 4), or CAF diet (CAF group, n = 6) for 9 weeks (pre-pregnancy,
pregnancy and lactation). After weaning (21st postnatal day) males offspring from mothers exposed to Chow or CAF diets were allocated into three
experimental groups (n = 10–12 each): the control Chow group kept the Chow diet exposure (Control, group), and CAF group was exposed to Chow
diet (CAF-Control group) or CAF diet (CAF-CAF group). B) Body weight changes after weaning for Control, CAF-Control and CAF-CAF groups (***p
< 0.0001 CAF-CAF vs Control). C, D) Histological assessment of liver of Control, CAF-Control and CAF-CAF groups and percentage of lipid inclusions
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(*p < 0.05 CAF-CAF, CAF-Control vs Control). Heatmap and graph of plasma ceramides (E, F) or diacylglycerols (G, H) profile concentrations in
offspring. Plasma concentrations were determined by quantitative tandem mass spectrometry as described in Materials and Methods (*p < 0.05, **p
< 0.001, ***p < 0.0001 CAF-CAF or CAF-Control vs Control). All data are expressed as mean ± SEM following ANOVA and post-hoc Tukey ′s test.
*p < 0.05, **p < 0.01, ***p < 0.001.

Fig. 3. Effect of chronic C24:0 ceramide administration on weight, food intake and glucose balance in mice. A) Experimental design of chronic
C24:0 ceramide administration in mice on glucose homeostasis. Mice were i.p. administered with 3.5 nmol/ml C24:0 ceramide (n = 12) or saline (n
= 10) in 100 μL for 4 weeks. GTT (B,C) and ITT (D,E) were performed at 15, 30, 45, 60, 90, and 120 min and AUC is shown. Insulin levels in mice
exposed to during the GTT test were quantified 3.5 nmol/ml C24:0 ceramide or saline were quantified (F,G) and HOMA-IR index was determined
(H). Hematoxilin and Eosin staining of the liver (I) and SAT (J) was performed. Adipocyte number (K) and adipocyte diameter (L) were quantified
from SAT. Bar = 200 μm. Data show the normalized results of mean ± SEM and statistical significance after using ANOVA following by post-hoc
Tukey test for body weight, food intake, GTT, ITT test and “t” student for food efficiency. *p< 0.05, **p < 0.001, **p < 0.0001. Abbreviations, AUC:
Area Under Curve; SAT: Subcutaneous adipose tissue.
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3.3. C24:0 ceramide promotes hyperphagia, glucose metabolism imbalance and defective WAT remodeling

Ceramides have been identified as a selective trigger of metabolic disorders by its detrimental effects on glucose homeostasis,
insulin sensitivity and fatty acids metabolism [14]. Each ceramide species exerts distinct effects depending on chain length, the
presence of double bonds and their accumulation in selective body organs. However, the role of fetal programming on plasma
ceramides accumulation in the offspring that leads to glucose imbalance and T2DM susceptibility, have not been characterized. Here,
we administered mice with daily intraperitoneal injections of C24:0 ceramide-FAF-BSA (3.5 nmol/ml) or saline-FAF-BSA for 4 weeks
to evaluate its impact on body weight and glucose metabolism. We found that chronic C24:0 ceramide injection for 4 weeks increased
plasma glucose concentrations during the ipGTT (Fig. 3B and C), while no differences were observed in the glucose curve during the
ITT (Fig. 3D and E), indicating that the reduction in glucose tolerance in mice administered C24:0 is not primarily due to impaired
insulin signaling. To evaluate if the lack of correlation between GTT and ITT results were due to differences in insulin secretion, we
evaluated circulating insulin during the GTT. Remarkably, mice administered with C24:0 ceramide did not affect insulin concentra-
tions in response to the glucose challenge (Fig. 3F and G) nor HOMA-IR (Fig. 3H) in response to C24:0 ceramide. These results reveal

Fig. 4. Effect of chronic C24:0 ceramide administration on glucose balance and adipose tissue expandability followed a CAF challenge. A) C57BL/6
mice were chronically treated with C24:0 ceramide (3.5 nmol/ml) C24:0 ceramide (n = 24) or saline (n = 20) in 100 μL for 4 weeks and exposed to
Chow (n = 12 per group) or CAF (n = 10 per group) diet for 4 weeks. Food and body weight were recorded daily, and GTT and ITT assessments were
evaluated at 7th and 8th weeks, respectively. Cumulative body weight (B) and Food intake (C) at 4th week and Cumulative body weight (D) and
Food intake (E) at 8th week were recorded. GTT (F,G) and ITT (H,I) were performed at 15, 30, 45, 60, 90, and 120 min and AUC is shown. Data show
the normalized results of mean ± SEM and statistical significance after using ANOVA following by post-hoc Tukey test for body weight, food intake,
GTT, ITT test and “t” student for food efficiency. *p < 0.05, **p < 0.01, ***p < 0.001. a vs Sal-CD, b vs Sal-CAF, c vs Sal-CD. Abbreviations, CD:
Control diet; Sal: Saline; Cer: ceramide; CAF: Cafeteria.
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that chronic C24:0 ceramide exposure disrupts physiological glucose homeostasis.
One of the main activities of adipose tissue is to store surplus energy as triglycerides to avoid lipid overaccumulation in other

tissues, preventing lipotoxicity. Accordingly, a reduction in insulin sensitivity or secretion can increase adipose tissue lipolysis and
lipid accumulation in peripheral tissues. We found that administering mice with C24:0 ceramide for 4 weeks increased hepatic fat
content, as assessed by oil red O staining (Fig. 3I), and decrease subcutaneous adipocyte diameter in the SAT, reflected as a greater
number of adipocytes per quadrant (Fig. 3J, K, L). These results suggest that chronic C24:0 ceramide exposure disrupts physiological
glucose homeostasis and increasing basal lipolysis in SAT. These alterations potentially might favor excessive lipid accumulation in
liver along with insufficient insulin-mediated suppression of hepatic glucose production.

An early event leading to adipose tissue dysfunction during obesity is impaired expansion capacity. A positive energy balance forces
adipose tissue to expand in order to increase its lipid storage capacity. This expansion occur by increasing adipocyte size (hypertrophy)
and/or adipocyte number (hyperplasia) [29]. However, the inability of adipose tissue to efficiently increase hyperplasia leads to an
accumulation of hypertrophic adipocytes. This dysfunctional adipocytes are characterized by increased basal lipolysis, which lead to
fat accumulation in non-adipose organs, causing metabolic alterations [29]. Based on our previous results, we tested the hypothesis
that the impaired adipose tissue expandability trough C24:0 ceramide injection would make animals more susceptible to a high-energy
diet challenge. For this purpose, mice were administered C24:0 ceramide-FAF-BSA or Saline-FAF-BSA for 4 weeks as described pre-
viously and then fed a control Chow or CAF diet for an additional 4 weeks (Fig. 4A). We found that after 4th week, C24:0 ceramide
administration increased body weight gain and food intake in mice fed the Chow diet compared to those administered saline (Fig. 4B

Fig. 5. Adipogenic differentiation of 3T3-L1 cell line and hMSC is impaired during C24:0 ceramide stimulation. A) 3T3-L1 or hMSC (D) cells were
maintained in DMEM-high glucose + 10 % newborn calf serum, as described. Cells were 25 μM C24:0 ceramide-10 % FFA-BSA incubated before and
after adipocyte differentiation by adipogenic stimuli for 11 days or 14 days, respectively. For control 1 % DMSO was added to a final concentration.
Cellular lipid accumulation in 3T3-L1 (B, C) or hMSC (E) was conducted by adding oil red O solution following manufacturer’s instructions and
measured at 510 nm. Graphs show the normalized results of mean ± SEM for n = 3–4 independent experiments and statistical significance after
using ANOVA following by post-hoc Tukey test. **p < 0.01, ***p < 0.001.
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and C). Also, at 8 weeks, mice fed CAF diet and exposed to C24:0 ceramide showed increased cumulative body weight gain and food
intake compared to the other groups (Fig. 4D and E). Accordingly, the ipGTT and ipITT revealed that C24:0 ceramide induced glucose
intolerance and insulin resistance, respectively in mice fed the CAF diet when compared with mice fed Chow control diet or mice
administered with saline (Fig. 4F–I). Together, these results confirm that C24:0 ceramide primes body weight gain, glucose imbalance
and adipose tissue dysfunction in mice exposed to a high-energy diet challenge.

3.4. C24:0 ceramide block adipogenic differentiation in the 3T3-L1 cell line and hMSC

To gain insight into the mechanisms involved in the deleterious effect of C24:0 ceramide in adipocyte hyperplasia, we assessed the
effect of C24:0 ceramide on adipocyte differentiation capacity using the adipogenic cell line 3T3-L1 and hMSCs (Fig. 5A–D). Exposing
adipocytes to C24:0 ceramide-FAF-BSA for 24 h showed a time and dose-dependent effect on cell toxicity, where 3T3L1 adipocytes-
maintained viability at ceramide concentrations as high as 25 μM (Supplementary Fig. 2A). However, incubating hMSC cells during the
14 days of adipogenic differentiation robustly decreased cell viability. No changes were found at 2.5 μM C24:0 (Supplementary
Fig. 2C). We then exposed 3T3-L1 and hMSC to 2.5 μM or 25 μM C24:0 ceramide respectively during or after adipogenic stimuli
(Fig. 5A–D). We found that 25 μMC24:0 ceramide incubation during adipogenic stimuli reduced lipid droplets formation, as evidenced
by a decrease in oil red O staining (Fig. 5B and C). Strikingly, exposure to C24:0 ceramide after adipogenesis also blocked lipid droplets
formation of mature adipocytes in both 3T3-L1 (Fig. 5B and C) and hMSC (Fig. 5 E) cells. These results confirm the detrimental effect of
C24:0 ceramide on adipocyte differentiation and lipid accumulation capacity.

Finally, to determine if C24:0 ceramide can be taken up and metabolized by adipocytes, we incubated hMSC-derived adipocytes
with 50 μM C24:0 ceramide for 24 h. Then, total lipids were extracted and subjected to LC-ESI-MS/MS to measure individual lipid

Fig. 6. Boxplots showing the distribution of twelve distinct ceramide species (Cer 14:0, Cer 16:0, Cer 18:0, Cer 18:1, Cer 20:0, Cer 22:0, Cer 22:1,
Cer 24:0, Cer 24:1, Cer 25:0, Cer 26:0, and Cer 26:1) detected by DMS mass spectrometry in control and Cer 24:0 50 μM-treated groups. Significant
differences in ceramide levels between the groups are indicated by asterisks (P < 0.05, **P < 0.01, **P < 0.001). The treatment with Cer 24:0 50 μM
led to noticeable increases in various ceramides compared to the control group.
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species. Lipidomic analysis revealed that adipocytes incubated with the C24:0 ceramide accumulated the C24:0 specie, but also many
other ceramide species such as C14:0, C16:0, C18:1, C20:1, C22:0, C22:1, C24:1, C26:0 and C26:1 (Fig. 6). These results imply that
adipocytes possess the machinery needed to uptake ceramide and modify it by increasing or decreasing fatty acid chain length and
unsaturation.

3.5. C24:0 ceramide impairs mitochondrial energetics, decreases ΔΨm and augments mitochondrial calcium overload in HUH7 cells

C16:0 and C18:0 ceramide species have been reported to disrupt mitochondria function in mice [17,21,22] and mitochondrial
dysfunction is an early alteration in the development of Metabolic Dysfunction-Associated Steatotic Liver Disease (MASLD) [45]. Thus,
to evaluate whether ceramide-dependent hepatic lipid accumulation involves the disruption in mitochondrial bioenergetics, we tested
whether exogenous very long acyl chain C24:0 ceramide disrupts mitochondrial function in hepatic cells. We first evaluated the
dose-dependent effect of C24:0 ceramide on HUH7 cells viability. As observed in the 3T3-L1 cells, 5–25 μM C24:0 ceramide does not
affect viability in the HUH7 cells (Supplementary Fig. 2B). We then, measured mitochondrial bioenergetics as well as glycolysis by a
time-dependent oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) in HUH7 cells exposed to a different range
of C24:0 ceramide concentrations. Ceramide C24:0 incubation promoted a dose-dependent decrease in ECAR during the oligomycin,
FCCP and rotenone stimulation when compared with control (Fig. 7A). Also, we found a dose-dependent reduction of the glycolytic
reserve during C24:0 ceramide incubation (Fig. 7B), which was associated with a decrease in fatty acid utilization (Fig. 7C). Addi-
tionally, C24:0 incubation decreased basal respiration, OCR associated to ATP-production, H+ leak, maximal respiration, spare res-
piratory capacity and non-mitochondrial respiration denoting impaired mitochondrial respiration (Fig. 7D and E). These results
indicate that ceramide C24:0 affects mitochondrial activity decreasing its oxidative capacity and therefore promoting fatty acid
accumulation in HUH7 cells.

Fig. 7. Cer 24:0 ceramide disrupts mitochondrial oxygen consumption and fatty acid utilization in HUH7 cells. Cells were treated with 12.5, 25, or
50 μM C24:0 ceramide-10 % FFA-BSA for 80 min and ECAR (A), Glycolytic Reverse (B), fatty acid utilization (C), OCR (D) or OCR H+ leak, maximal
respiration, spare respiratory capacity and non-mitochondrial respiration (E) were determined using Seahorse technology. Data show the
normalized results of mean ± SEM for n = 3–4 independent experiments and statistical significance after using ANOVA following by post-hoc Tukey
test. *p < 0.05, **p < 0.01, ***p < 0.001 vs Control. Abbreviations, OCR: Oxygen consumption rate; ECAR: extracellular acidification rate.
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3.6. C24:0 ceramide disrupted mitochondrial function, decreased ΔΨm and favored mitochondrial calcium overload in HUH7 cells and in
adipocytes from mice fed a high-energy diet

To evaluate the effect of C24: 0 ceramide on mitochondrial electrochemical gradient and calcium homeostasis, HUH7 cells were
loaded with TMRE to measure changes in ΔΨm using confocal microscopy. As expected, C24:0 ceramide decreased the ΔΨm in a time-
dependent manner. The inhibitory effect was evident immediately after 1h of incubation and remained for 3h (Fig. 8A and B). Notably,
3h C24:0 ceramide incubation also induced calcium overflow into the mitochondrial matrix, evidenced by enhanced Rhod-2 AM signal
(Fig. 8C and D).

Finally, we tested whether adipose tissue of mice treated with C24:0 ceramide and exposed to high-energy diets integrates
impairment in mitochondria function (Fig. 8E). We found that adipocytes isolated from SAT of mice inoculated with C24:0 ceramide

Fig. 8. Cer 24:0 ceramide promotes mitochondrial calcium overload and mitochondria membrane potential depolarization in HUH7 cell and mice
adipocytes. HUH7 cells were treated with 25 μM C24:0 ceramide-10 % FFA-BSA for 1 or 3h and mitochondrial and ER dysfunction and mito-
chondrial calcium were determined using TMRE (A, B) or Rhod-2 AM (C,D) trackers and confocal microscopy, respectively. Data show the
normalized results of mean ± SEM for n = 3–4 independent experiments and statistical significance after using ANOVA following by post-hoc Tukey
test. *p < 0.05, **p < 0.01, ***p < 0.001. E) Mouse SAT was isolated as described [42], and cells were stained with BODIPY (2 μM) TMRE (100 nM)
or DHE (1 μM) and incubated for 30 min at 37 ◦C. Mitochondrial membrane potential (F) and ROS production (G) were determined by flow
cytometry (BD Accuri C6) using the FL1 for BODIPY+ and the FL3 channel for TMRE + or DHE+. All of the events that were positive for the FL1
channel were considered as adipocytes and that is where we measured the loss of mitochondrial potential or ROS production using the BD Accuri C6
software. Data show the normalized results of mean ± SEM for n = 6–8 mice per group and statistical significance after using ANOVA following by
post-hoc Tukey test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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and exposed to a high-energy diet challenge (CAF diet) showed loss of the mitochondria membrane potential (Fig. 8F), which cor-
relates with an increased in ROS production (Fig. 8G), when compared to mice treated with saline. Also, we found an increased in ROS
production in mice treated chronically with saline and exposed to CAF diet (Fig. 8G). These in vitro and in vivo results confirm that the
C24:0 ceramide clearly disrupts mitochondrial function, promoting mitochondrial calcium overload and ROS generation, and disrupts

Fig. 9. Cer 24:0 ceramide promotes ER stress in HUH7. Cells were treated with 25 μM C24:0 ceramide-10 % FFA-BSA for 1 or 3h and ER dysfunction
was determined using ER-Tracker Green (A, B) trackers and confocal microscopy, respectively. Data show the normalized results of mean ± SEM for
n = 3 independent experiments and statistical significance after using ANOVA following by post-hoc Tukey test. *p < 0.05, **p < 0.001, ***p <

0.0001. HUH7 cells were incubated with 25 μM C24:0 ceramide-10 % FFA-BSA or 25 μg/ml tunicamycin for 8 or 24 h and Western blot against p-
eIF2/ATF6, ATF6, Bip or XBP1 (C, E) or SREBP1, p-JNK/JNK or CHOP (D, F) were performed. Data show the normalized results of mean ± SEM for
n = 3 independent experiments and statistical significance after using ANOVA following post-hoc Tukey test. *p < 0.05, ****p < 0.0001.
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adipose tissue function to the effects of a high-energy diets challenges.

3.7. C24:0 induces endoplasmic reticulum stress and SREBP1 proteolytic activation in HUH7 cells

To gain insight into the mechanisms trough which C24:0 ceramide induces mitochondrial dysfunction, we evaluated endoplasmic
reticulum (ER) stress markers in HUH cells. ER stress is a cellular response to diverse insults in the ER lumen, including the accu-
mulation of unfolded proteins, lipid and glucose buildup, oxidative stress and alterations in Ca + homeostasis. Recent evidence has
highlighted the role of ER stress in the development of mitochondrial dysfunction and the involvement of sphingolipids, such as
ceramide in this degenerative process [46]. ER stress activates a signaling pathway known as unfolded protein response (UPR) con-
sisting in three signaling branches: the PERK, ATF6 and IRE1 pathways [47]. We first analyzed the ER response to C24:0 ceramide in
HUH7 cells by loading them with the ER-tracker green and then visualizing using confocal microscopy. We found a decrease in the
ER-tracker signal followed C24:0 ceramide incubation at 1h and 3h, indicating a perturbation in ER integrity (Fig. 9A and B). To
determine if C24:0 ceramide induces ER stress in hepatocytes, we incubated HUH7 cells in the presence of 25 μM C24:0 ceramide or 1
μg/ml of the protein glycosylation-inhibitor tunicamycin for 8 or 24 h and evaluated several UPR markers by Western blot. We found
that C24:0 ceramide induced a time-dependent increase in UPR markers p-eIF2, ATF6, BiP and XBP1 but at a lesser extent than
tunicamycin (Fig. 9C–E). Interestingly, C24:0 ceramide increased the content of the mature form of the lipogenic transcription factor
SREBP1 and the phosphorylation of JNK (Fig. 9D–F). Unexpectedly, C24:0 did not increase CHOP protein abundance as observed with
tunicamycin (Fig. 9D–F). Finally, C24:0-mediated JNK activation but not CHOP indicates that this ceramide induces cellular
inflammation but not enough to induce apoptosis (Fig. 9D–F). These results indicate that C24:0 ceramide disrupts the ER membrane,
activating the UPR and inflammatory signal activation, thereby promoting mitochondrial dysfunction.

4. Discussion

Obesity and maternal over nutrition during pregnancy lead to metabolic disorders in the offspring that prime chronic-related
diseases in later life, including T2MD [2]. Here, we identified that fetal programming by CAF diet exposure increases plasma C24:0
ceramide levels in male mice, a lipid specie also found accumulated in blood samples of a Mexican cohort of obese-T2DM subjects.
Biological characterization confirmed that C24:0 ceramide impairs adipocyte differentiation and lipid accumulation in 3T3-L1 and
hMSC cells, and disrupts mitochondria membrane potential, oxygen consumption and beta oxidation which correlates with excessive
mitochondria calcium influx in hepatic HUH7 cells, and in adipocytes from murine models. C24:0 ceramide also induced ER stress,
activating the UPR, leading to activation of lipogenic and inflammatory pathways in hepatocytes. In vivo data confirm that systemic
C24:0 ceramide administration induces glucose intolerance and promoted liver steatosis and decreased adipocyte size during a
high-energy diet challenge. We propose that fetal programming by high-energy diets primes plasma C24:0 ceramide accumulation in
the offspring which contribute to early glucose imbalance, liver steatosis and failure in adipocyte remodeling followed a high-energy
diet challenge.

Ceramides have been reported to negatively affect metabolic nodes related to glucose balance and insulin-related pathways [14,18,
19]. In the current study, we characterized plasma ceramide profile in obese and obese-T2DM subjects in a Mexican cohort showing
accumulation of C16:0, C18:0, C20:0 and C22:0 species, pointing to the C24:0 ceramide as the major lipid specie found in obese-T2DM
subjects. The C24:0 ceramide is the most abundant lipid specie reported in human plasma [48], whereas lysophosphatidylcholines,
MHC 24:0, Cer 18:0 and dCer24:1 ceramides and long-chain fatty-acid-containing dihydroceramides have been also determined in
plasma of obese and/or obese-T2DM individuals [14,49–52]. Decrease in plasma C14:0 ceramide improves insulin sensitivity [52], in a
C14:0 or C18:0-dependent relationship [52,53], which it also depends on ethnicity [54]. Supporting what we found in our study, C24:0
ceramide accumulation was identified in a Mexican American cohort [55], and a high-energy diet overfeeding increases it even further
[50], as we found in our murine model. A current limitation of our study indicates lacking lipidomic profile in a normal weight human
cohort to be compared with obese and obese/diabetic subjects.

One of the major strengths of our study confirmed major accumulation of plasma C24:0 ceramide in the offspring of mice exposed
to high-energy diets during fetal programming. Previous reports documented increased in body weight followed exposure to high-fat
diets [56,57] and greater fat accumulation and glucose intolerance in offspring on a nutritional programming schedule [5,9,56,57],
which seems to behave in a sex-dependent manner [8,10]. Biological assessment of the effect of C24:0 ceramide on metabolic
disruption in naïve mice resembled what we found in the fetal programming model [5], confirming fat accumulation and glucose
intolerance [5]. Perhaps a current caveat of this study is to clarify the C24:0 ceramide source during fetal programming. A recent report
confirms that a consumption of a high-fat diet increased the accumulation of C14:0, C16:0, C18:0, C20:0, C22:0 and C24:0 ceramides in
intestinal enterocytes (https://www.science.org/doi/epdf/10.1126/sciadv.adp2254). Notably, C14:0 and C16:0 ceramides are blood
transported and deliver by chylomicrons (https://www.science.org/doi/epdf/10.1126/sciadv.adp2254). No clear evidence has been
reported documented the C24:0 ceramide source during fetal programming. Our data suggest that the prenatal programming by
high-energy diets set a lipotoxic priming of C24:0 ceramide accumulation in plasma which might target and disrupt insulin-depended
metabolic settings at early stages of postnatal life.

A second major contribution of this study confirmed that naïve mice treated with C24:0 ceramide decreased SAT size. It is expected
that exposure to high-fat diets accumulates lipids into theWATwhich experiences expandability by increasing size (hypertrophy) and/
or by number (hyperplasia) of adipocytes [29]. Mechanistically, hyperplasia of WAT maintains glucose metabolism and prevents
T2DM, independently from total fat mass [29]. Accordingly, fetal programming by high-fat diet exposure have confirmed SAT hy-
pertrophy in male offspring [58]. Ceramides accumulation into SAT depots followed exposure to a high fat diet [59], such as C16:0 and
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C:18 species, might induce adipose tissue inflammation and alterations in glucose metabolism [17,19,60,61], no clear evidence have
been documented. In the current study, we did not characterize the lipidomic profile in the SAT of mice chronically treated with C24:0
ceramide and exposed to high-energy diets, which integrates a potential limitation to propose causality for defective adipose tissue
remodeling. A recent report provides a clue of the effect of prenatal programming by high-energy diets on WAT lipidomic changes by
showing no major changes in triglyceride lipid species [10]. Together, our data clearly indicates that the C24:0 ceramide specie in the
offspring actively impaired adipose tissue size during a high-energy diet challenge favoring glucose intolerance.

We used 3T3-L1 and hMSCs cellular models to dissect potential molecular mechanism involved in adipose tissue function during
C24:0 ceramide stimulation. We identified that chronic C24:0 incubation to 3T3-L1 and hMSCs impaired adipocyte differentiation
hindering lipid accumulation. Also, we found that hMSC-derived adipocytes incorporate C24:0 ceramide leading to C14:0, C16:0,
C18:1, C20:1, C22:0, C22:1, C24:1, C26:0 and C26:1 synthesis. Characterization of long chain and unsaturation ceramides biosynthetic
enzymes in adipose tissue has not been totally described. Depending on the acyl chain length, six different ceramide synthases (CerS1-
6) most commonly produce ceramides ranging from 14 to 26 carbons (C14-C26) [62]. A potential scenario suggests that C24:0
ceramides and new C24:0 ceramide-derived lipid species are produced by selective ceramide enzymes affecting adipose tissue func-
tion, while causing a range of adverse consequences associated with obesity. Recent reports have identified that C2DhCer [63] or
C6-ceramide [64] treatment in 3T3-L1 cells or murine mesenchymal stem cells, respectively, hampers adipocyte differentiation.
Molecularly, C2DhCer or C6-ceramide decreases the adipogenic gene expression program, including AP2, LPL, PLN1 and GLUT4
regulated by PPARgamma2 [63,64], suggesting that C24:0 ceramide or C14:0, C16:0, C18:1, C20:1, C22:0, C22:1, C24:1, C26:0 and
C26:1 ceramide-derived species might impair PPARgamma2 transcriptional activity. These results imply that adipocytes possess the
machinery needed to uptake ceramide and modify it by increasing or decreasing fatty acid chain length and unsaturation.

A relevant contribution of our study states that chronic C24:0 ceramide exposure in mice develops liver steatosis. Insulin signaling
in the liver activates the lipogenic program and thus, hyperinsulinemia is the primary cause of lipid accumulation in the liver in obese
individuals [65]. We have reported hyperinsulinemia states in the offspring of mothers exposed to CAF diet during fetal programming
[5]. Also, hepatic steatosis can develop as a result of defective mitochondria function [66]. We identified decreased mitochondrial
activity in hepatic HUH7 cells exposed to C24:0 ceramide, including defective ATP production, blunted maximal respiration,
decreased fatty acid utilization, and augmented mitochondria calcium. In our study, SAT from mice treated with C24:0 ceramide and
exposed to CAF diet challenge also presented decreased mitochondrial membrane potential and increased reactive oxygen species
production. Also, hMSC-derived adipocytes treated with C24:0 ceramide produced C14:0, C16:0, C18:1, C20:1, C22:0, C22:1, C24:1,
C26:0 and C26:1. Our data agree with previous reports confirming that C16:0 or C18:0 ceramides or ceramide synthetase 2 over-
expression inhibit mitochondrial respiration in skeletal muscle [66], liver [67], brown adipose tissue [18,19] and cardiomyocytes
[68]. Resembling our in vitro data in hepatic HUH7 cells treated with C24:0 ceramide, defective mitochondria function associates to
hepatic steatosis [69] and mice exposed to high fat diet during fetal programming showed impairment of mitochondria function in
liver [70], which both potentially might explain lipid accumulation in the liver of mice found in our study.

Finally, we identified that C24:0 ceramide induces ER stress in hepatic HUH7 cells evidenced by a decreased in the signal of ER-
tracker and increased UPR markers, including p-eIF2, ATF6, BiP and XBP1. Excessive mitochondrial Ca + influx can be mediated by
increased Ca+ release from the ER during ER stress [71,72]. Ceramides activate ER stress response and disrupt mitochondria dynamics
in hepatic HepG2 cells [73] and promote mitochondria fragmentation in cardiomyocytes or C2C12 cells [74,75], which correlates with
in vivo liver steatosis following a high-fat diet challenge [17]. In fact, C16:0 ceramides activate ER stress by affecting calcium ho-
meostasis in the ER/Golgi membrane network [76]. Given the anatomical and functional ER andmitochondria connectivity a tentative
scenario might be that C24:0 ceramide promotes ER stress by a structural stiffness in the membrane of the reticle, leading to UPR
activation, as was proposed [77]. ER stress is also associated with increased de novo lipogenesis trough a mechanism involving the
proteolytic activation of SREBP1, which in turn increases lipogenic gene expression [78]. In line with this, our in vitro and in vivo
evidence indicates that C24:0 increased SREBP1 protein abundance in hepatocytes, associated with increased lipid content.

We conclude that fetal programming by exposure to high-energy diets accumulates plasma C24:0 ceramide in the male mice
offspring, which is also found highly concentrated in blood samples of obese-T2DM human subjects. C24:0 ceramide affects mito-
chondria and ER dynamics and function and favors ER stress-induced inflammatory and lipogenic signals. Our study highlights that
C24:0 ceramide impairs adipose tissue size and promotes lipid accumulation in liver, triggering defective glucose metabolism at early
stages of postnatal life.
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