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Depending on the length of their carbon backbone and their saturation status, natural fatty acids have rather
distinct biological effects. Thus, longevity of model organisms is increased by extra supply of the most abundant
natural cis-unsaturated fatty acid, oleic acid, but not by that of the most abundant saturated fatty acid, palmitic
acid. Here, we systematically compared the capacity of different saturated, cis-unsaturated and alien (industrial
or ruminant) trans-unsaturated fatty acids to provoke cellular stress in vitro, on cultured human cells expressing a
battery of distinct biosensors that detect signs of autophagy, Golgi stress and the unfolded protein response. In
contrast to cis-unsaturated fatty acids, trans-unsaturated fatty acids failed to stimulate signs of autophagy includ-
ing the formation of GFP-LC3B-positive puncta, production of phosphatidylinositol-3-phosphate, and activation
of the transcription factor TFEB. When combined effects were assessed, several trans-unsaturated fatty acids in-
Immunosurveillance cluding elaidic acid (the trans-isomer of oleate), linoelaidic acid, trans-vaccenic acid and palmitelaidic acid, were
Obesity highly efficient in suppressing autophagy and endoplasmic reticulum stress induced by palmitic, but not by oleic
Aging acid. Elaidic acid also inhibited autophagy induction by palmitic acid in vivo, in mouse livers and hearts. We con-
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gyt?pmtebgilon clude that the well-established, though mechanistically enigmatic toxicity of trans-unsaturated fatty acids may
ystems blology reside in their capacity to abolish cytoprotective stress responses induced by saturated fatty acids.

© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction changing environmental conditions (that may induce the destruction

of portions of the cell to rebuild new organelles), as well as sublethal

Autophagy is a phylogenetically conserved cellular stress response
in which portions of the cytoplasm are sequestered in two-membraned
autophagosomes that fuse with lysosomes for bulk degradation of their
luminal content (Morel et al., 2017; Bento et al., 2016). Autophagy is in-
duced by various stimuli including nutrient shortage (that triggers the
digestion of macromolecules to generate energy), adaptation to
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damage (that requires the recycling of dysfunctional organelles and
repair responses to increase cellular fitness) (Kaur and Debnath,
2015). As a result, periodic or chronic stimulation of autophagy acts as
a cytoplasmic rejuvenation mechanism that increases the longevity of
model organisms including yeast, nematodes, flies and mice
(Melendez et al., 2003; Tavernarakis et al., 2008; Rubinsztein et al.,
2011; Pyo et al,, 2013; Green and Levine, 2014; Eisenberg et al., 2016;
Hoetal.,, 2017). Several clinically relevant syndromes leading to prema-
ture neurodegeneration and general aging are linked to autophagy
defects, (Menzies et al., 2015; Lopez-Otin et al., 2016) suggesting
that autophagy may play a general health-improving role in humans
as well.

2352-3964/© 2018 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Recently, the impact of fatty acids (FAs) on autophagy regulation has
attracted some attention. The most abundant natural FAs present in the
human body and food are the saturated FA palmitic acid (PA) and the
mono-cis-unsaturated oleic acid (OL). Strikingly, these two FAs have
rather distinct cellular effects in the sense that PA causes the activation
of the diabetogenic stress kinase Jun N-terminal kinase-1 (JNK1), while
OL rather inhibits PA-induced JNK1 activation (Holzer et al., 2011).
Moreover, PA stimulates a canonical pathway of autophagy that, down-
stream of JNK1, depends on the enzymatic activity of the Beclin 1
(BCLN1)/phosphatidylinositol 3-kinase, catalytic subunit type 3
(PIK3C3) complex generating phosphatidylinositol (3)-phosphate
(PI3P), while OL elicits the JNK1 and BCLN1/PIK3C3-independent asso-
ciation of the autophagosome-linked microtubule-associated protein
1A/1B light chain 3 (MAP1LC3, best known as LC3) with the Golgi appa-
ratus (Niso-Santano et al., 2015b; Bankaitis, 2015; Niso-Santano et al.,
2015a). This difference in pro-autophagic signals elicited by PA and OL
is evolutionarily conserved in Saccharomyces cerevisiae, Caenorhabditis
elegans, mice and cultured human cells (Niso-Santano et al., 2015b;
Enot et al., 2015). Moreover, it extends to other saturated FAs (that be-
have like PA) and mono- or poly-cis-unsaturated FAs (that behave like
OL) with respect to JNK1 and PIK3C3 activation (Niso-Santano et al.,
2015b).

Unsaturated FAs that are contained in vegetables and human tissues
are cis-isomers, meaning that the unsaturation causes a kink in the FA
chain (Duplus et al., 2000). Trans-unsaturated FAs, which lack such a
kink, meaning that their physicochemical properties are rather differ-
ent, are generated during industrial food processing, for example during
partial hydrogenation of fats resulting in the isomerization of cis-unsat-
urated FAs into their trans-unsaturated isomers (Tzeng and Hu, 2014;
Kadhum and Shamma, 2017). Thus, elaidic acid (EL), the most abundant
trans-monoene contained in hydrogenated vegetable oil, results from
the isomerization of OL; palmitelaidic acid, another trans-monoene,
from the isomerization of its natural precursor palmitoleic acid; and
linoelaidic acid, the most abundant trans-polyunsaturated FA, from the
isomerization of linoleic acid (Tzeng and Hu, 2014, Kadhum and
Shamma, 2017). Another source of trans-unsaturated FAs are the milk
and body fat of ruminants (such as cattle and sheep) that contains up
to 8% of trans fats (Craig-Schmidt, 2006). Trans-vaccenic acid (VA) is
the predominant trans-monoene formed during rumination, as a result
of bacterial fermentation processes (Lock and Bauman, 2004).

Regardless of their origin, trans-unsaturated FAs are considered to
have negative effects on human health, especially at the cardiovascular
level (Brostow et al., 2012). Thus, the nutritional uptake or the plasma
concentration of trans-unsaturated FAs are positively correlated with
the severity of coronary arteriosclerosis (Hadj Ahmed et al., 2018), in-
flammatory biomarkers (Mazidi et al., 2017), as well as shortening of
telomers in circulating leukocytes, which is a proxy of accelerated
aging (Mazidi et al., 2018). Accordingly, trans-unsaturated FAs precipi-
tate cardiovascular disease in animal models (Monguchi et al., 2017).
Moreover, FAs may favor signs of inflammation in tissues (Oteng et al.,
2017). Based on major epidemiological studies, (Oomen et al., 2001;
Mozaffarian et al., 2006) the US Federal Drug Administration has recom-
mended banning all sources of trans FAs from human consumption
(Brownell and Pomeranz, 2014).

Free FAs including saturated FAs (and to a lesser degree cis-unsatu-
rated FAs) are well known for their potential toxicity, a phenomenon
that may contribute to the pathogenesis of lipotoxic diseases (Unger,
2002) as well as to the induction of chronic inflammation contributing
to metabolic syndrome (Ralston et al., 2017). Free FAs including PA
can induce endoplasmic reticulum (ER) stress or even trigger mitochon-
drial or lysosomal permeabilization, leading to subsequent caspase acti-
vation and apoptosis (Li et al., 2008; Malhi and Kaufman, 2011; Szeto et
al., 2016). However, less information is available on the specific toxicity
of trans-unsaturated FAs.

In spite of the recognized chronic toxicity of trans fats, the mecha-
nisms explaining why they provoke arteriosclerosis are largely elusive.

Autophagy has recently been recognized as a major mechanism to
counteract cardiovascular aging and to diminish arteriosclerosis
(Torisu et al., 2016; Ho et al., 2017). Based on this consideration, we de-
cided to systematically investigate the capacity of saturated, cis-unsatu-
rated and trans-unsaturated FAs to modulate autophagy and other
cellular stress responses in vitro, in cultured human cells. Our results re-
veal the unexpected finding that trans-unsaturated FAs can inhibit au-
tophagy induction by saturated FAs.

2. Materials and Methods
2.1. Cell Culture and Chemicals

Culture media and supplements for cell culture were purchased
from Gibco-Life Technologies (Carlsbad, CA, USA) and plasticware
from Greiner Bio-One (Monroe, CA, USA). All cells were maintained in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 100 units/ml penicillin G sodium and 100
pg/ml streptomycin sulfate at 37 °C under 5% CO,. All FAs were pur-
chased from Larodan (Malmo, Sweden); golgicide A, rapamycin,
thapsgargin and tunicamycin were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Each fatty acid was dissolved at a concentration of
100 mM in an appropriate volume of 100% ethanol pre-warmed at 37
°C. The obtained solution was then used to treat the cells, with final con-
centrations ranging from 125 to 1000 pM. The SCREEN-WELL® Autoph-
agy library (BML-2837) was purchased from Enzo Life Sciences
(Farmingdale, NY, USA).

2.2. Yeast Clonogenic Survival Assay

All yeast experiments were carried out in the BY4741 (MATa his3A1
leu2 A0 met15A0 ura3A0) wild type strain background. Yeast cells were
grown in SC medium containing 0.17% yeast nitrogen base (Difco), 0.5%
(NH4),S04 and 30 mg/I of all amino acids (except 80 mg/I histidine and
200 mg/I leucine), 30 mg/l adenine, and 320 mg/1 uracil and 2% glucose.
All yeast cultures were inoculated from a stationary overnight culture to
an ODgp of 0.1 and then grown at 28 °C and 145 rpm shaking for the in-
dicated time. Chronological lifespan was assessed as described before
(Buttner et al., 2007). In brief: cultures were inoculated from fresh over-
night cultures to an ODggg of 0.1 with the culture volume being 10% of
flask volume. Aliquots were taken to detect clonogenic survival at the
indicated time points (starting from day 2, where aging starts) with
500 cells being plated on YPD agar. FAs (purchased as sodium salts
from Sigma-Aldrich) were added to growth media from 1% stock solu-
tions in ddH,0 with 10% tergitol shortly before inoculation to a final
concentration of 1.8 mM.

2.3. Fly Kaplan-Meier survival assay

Unless otherwise specified standard laboratory breeding was carried
out at 25 °C, 65-70% humidity and a 12:12 h light/dark cycle as de-
scribed previously (Sigrist et al., 2003). Standard fly food was prepared
according to the “Sigrist” recipe as a semi-defined cornmeal-molasses
medium with slight modifications (0.9 1 H20, 4.2 g agar-agar, 12.5 ml
molasses, 85 g malt extract, 8.3 g soy, 66.7 g cornmeal, 1.33 g p-hy-
droxy-benzoic acid methyl ester dissolved in ethanol, 5.25 ml propionic
acid). All experiments were performed in D. melanogaster isow1118
background (Hazelrigg et al., 1984). Parental flies were transferred to
new vials every third day and only 1-3 days old progenitor flies from
the F1 generation were used for experiments. The flies were anesthe-
tized on a porous pad by CO, application for 8 min as a maximum, sep-
arated into males and females and 20-40 flies each were subsequently
transferred to a fresh vial. For assessment of fly-lifespans the flies
were sex-separated and transferred to small vials (20 flies per vial) con-
taining either standard corn food or fly food supplemented with 0.05%
FA. At least 120 flies per sex and per genotype were analyzed to
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determine lifespans and fresh food was supplied every other day. Con-
comitantly dead individuals were counted until no more flies were
alive. Kaplan-Meier survival was analyzed by GraphPad Prism 5 soft-
ware applying a Log-rank test.

2.4. High-Content Screening Microscopy

U20S or MEF cells stably expressing GFP-LC3, GFP-TFEB, GALT1-GFP,
GFP-ATF4, GFP-XBP1, and FYVE-RFP were seeded in 384-well black mi-
croplates for 24 h. After treatment, cells were fixed with 4% paraformal-
dehyde (PFA, w/v in PBS) for 20 min at room temperature and stained
with 10 pg/ml Hoechst 33342 in PBS. Image acquisition was performed
using an ImageXpress Micro XL automated microscope (Molecular De-
vices, Sunnyvale, CA, USA). A minimum of 4 viewfields were captured
per well. Upon acquisition, images were analyzed using the Custom
Module Editor functionality of the MetaXpress software (Molecular De-
vices). Briefly, cells were segmented and divided into nuclear and cyto-
plasmic regions based on the Hoechst staining and GFP or RFP
cytoplasmic signals. GFP-LC3 and FYVE-RFP dots were detected using
an automated threshold, and their number and surface were measured
in the cytoplasmic compartment. GFP-TFEB, ATF4-GFP, XBP1-Venus,
and GALT1-GFP intensities were systematically measured in both com-
partments. Data processing and statistical analyses were performed
using the R software (http://www.r-project.org/).

2.5. Immunofluorescence

GFP-LC3 stable expressing U20S cells were seeded in 384-well mi-
croplates for 24 h. After experimental treatments, cells were fixed
with 4% paraformaldehyde for 20 min at room temperature and perme-
abilized with 0.1% Triton X-100 (v:v in PBS) for 10 min on ice. Thereaf-
ter, cells were maintained in 5% bovine serum albumin (BSA, w/v in
PBS) for 1 h to block non-specific binding, followed by overnight incu-
bation at 4°C with phosphoneoepitope-specific elF2a antibody
(ab32157, Abcam, Cambridge, UK). After several washing steps with
PBS, cells were incubated in AlexaFluor™ conjugates (Life Technologies)
against the primary antibody for 2 h at room temperature. Nuclear
staining was achieved by incubation with 10 pg/ml Hoechst 33342 in
PBS. Images were acquired and analyzed as described before.

2.6. Immunoblotting

After treatment, cells were collected and lysed in RIPA lysis and ex-
traction buffer (ThermoFisher, Carlsbad, CA, USA) supplemented with
Pierce protease and phosphatase inhibitor mini tablet (ThermoFisher)
on ice for 40 min. After centrifugation at 12,000 g for 15 min, superna-
tants were heated in sample buffer (ThermoFisher) at 100 °C for 10
min. Protein samples were separated on pre-cast 4-12% polyacrylamide
NuPAGE Bis-Tris gels (Life Technologies) and electro-transferred to
PVDF membranes (Millipore Corporation, Billerica, MA, USA). Mem-
branes were probed overnight at 4 °C with primary antibodies specific
for LC3 (#2775, Cell Signaling Technology), p62 (ab56416, Abcam),
Atg5 (A2859, Sigma-Aldrich), GAPDH (ab8254, Abcam), XBP1s
(BLE619502, Biolegend, San Diego, CA, USA), P-p38 (#9211, Cell Signal-
ing Technology), p38 (#9212, Cell Signaling Technology), followed by
incubation with the appropriate horseradish peroxidase (HRP)-conju-
gated secondary antibodies (Southern Biotech, Birmingham, AL, USA).
Immunoreactive bands were visualized with ECL prime western blot-
ting detection reagent (Sigma-Aldrich) by means of an ImageQuant
LAS4000 (GE Healthcare, Little Chalfont, UK).

2.7. Molecular Descriptors Calculation

For each FA, 319 descriptors were calculated using the Chemistry
Development Kit implemented in the R rcdk package (available on

CRAN). The obtained data set was refined by removing irrelevant de-
scriptors (discarding redundant parameters and those with a median
absolute deviation lower than 10~%), resulting in 25 discriminatory
descriptors.

2.8. In vivo Experiments

The protocols described below have been approved by the Institu-
tional Animal Care and Use Committee of the Rutgers New Jersey Med-
ical School. All mice were maintained in a temperature-controlled and
pathogen free environment with 12 h light/dark cycles, with free access
to food and water. C57BL/6 mice were obtained from RIKEN BioResource
Center (Ibaraki, Japan). Six-week-old female wild type C57BL/6 mice
were intraperitoneally injected with 100 mg/kg palmitic acid
(PA)(n = 2),100 mg/kg elaidic acid (EL)(n = 2), or the combination
of the two FAs (n = 2) in 10% bovine serum albumin (BSA, w:v in
PBS) respectively. An equivalent volume of vehicle was injected as
a control (n = 2). Two hours later, the mice were sacrificed and organs
were collected and processed for immunoblotting. Alternatively, 8-
week-old male cardiac heterozygous GFP-LC3 transgenic (Tg-GFP-
LC3) mice, containing a rat LC3-EGFP fusion under the control of the
chicken B-actin promoter (Maejima et al., 2013), were treated as de-
scribed above for immunoblotting, with 3 mice per group. Hearts
were thereafter collected and processed for the detection of GFP-LC3
(Maejima et al., 2013).

2.9. Histological Analysis

Tissue samples from GFP-LC3 transgenic mice were embedded in
Tissue-Tek OCT compound (Sakura Finetechnical, Tokyo, Japan) and
stored at —80 °C. The samples were sectioned at 10 um thickness with
a cryostat (CM 3050 S, Leica, Mannheim, Germany), air-dried for 30
min and fixed with 4% paraformaldehyde. The fluorescence of GFP-
LC3 was observed under a fluorescence microscope as previously de-
scribed (Maejima et al,, 2013).

2.10. Widely-targeted Analysis of Intracellular Metabolites gas Chromatog-
raphy (GC) Coupled to a Triple Quadrupole (QQQ) Mass Spectrometer

Wild-type U20S cells were plated in 6-well plates and left to adapt at
37 °C for 24 h. After treatment, cells were washed 5 times with DMEM
supplemented with 10% FBS, and 3 times with Phosphate-Buffered Sa-
line (PBS). After supernatant removal, 500 pl from a water/methanol
(70% water; 30% methanol; v/v) mix was added to the cells for lysis
and FAs extraction. Three-hundred and ten microlitres were transferred
for injection. Ten microlitres were collected from each biological sample
and pooled to create a quality control (QC) sample. Biological and QC
samples were evaporated and dried extracts were resuspended in 80
Wl of N-Trimethylsilyl-N-methyl trifluoroacetamide (MSTFA) at 40 °C
for 30 min. Following samples were injected into a 7890B gas chromato-
graph (Agilent Technologies, Waldbronn, Germany) coupled to a triple
quadrupole 7000C (Agilent Technologies) equipped with a high sensi-
tivity electronic impact source (EI) operating in positive mode. The col-
lision gas used was nitrogen and the scan mode was the MRM for
biological samples. Peak detection, integration and quantification of
the analytes were performed using the Agilent Mass Hunter quantita-
tive software (B.07.01).

The concentration from each of the 19 FAs was then calculated with
the calibration curve using the area under the curve of each metabolite.
These concentrations were thereafter corrected by subtracting baseline
concentrations determined in blanks. FA fractions were calculated
based on the sum of determined concentrations for all 19 FAs in each
sample.
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3. Results
3.1. Differential Longevity Effects of FAs on Yeast and Flies

When administered to mice, PA and OL elicit differential changes in
the circulating metabolome as well as in the metabolomic profile of the
liver, heart, and skeletal muscle that we interpreted as an OL-selective
increase of anti-aging metabolites (such as nicotinamide adenine dinu-
cleotide and polyamines) (Enot et al., 2015). We therefore tested the
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effects of long-term feeding of yeast and flies with palmitate and oleate.
While OL was able to increase the chronological lifespan of Saccharomy-
ces cerevisiae, PA used at equimolar doses failed to do so (Fig. S1A). Sim-
ilarly, OL, but not PA, extended the longevity of Drosophila melanogaster
(Fig. S1B). Hence, distinct FAs have differential effects on the aging pro-
cess. Driven by this result, we decided to test 19 distinct FAs that differ
in their number of carbon atoms (C14 to C22), their number of satura-
tions (0 to 4) and their configuration (cis or trans) to determine their ef-
fects on cultured human cells (Table S1).
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antibodies and GAPDH was measured as a loading control.
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3.2. Differential Effects of FAs on Autophagy-linked Pathways

The internalization of different FAs (all used at 500 M) by U20S os-
teosarcoma cells was determined by means of gas chromatography
coupled to mass spectrometry (Fig. 1A, B), while the formation of
autophagosomes was determined by means of a biosensor cell line ex-
pressing a GFP-LC3 fusion protein and quantitated as cytoplasmic
GFP-LC3-positive puncta (Fig. 1C, D). The two parameters, lipid uptake
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ly, however, the three trans-monounsaturated FAs included in the col-
lection (elaidic acid, linoelaidic acid, trans-vaccenic acid) were unable
to induce GFP-LC3B puncta, although entering the cells (Fig. 1A-D).
The cis-isomer of EL, OL, as well as the cis-isomer of trans-vaccenic
acid, (cis-)vaccenic acid, however, did induce GFP-LC3 dots (Fig. 1C,D).
Accordingly, PA and OL, but not EL, stimulated LC3 lipidation (Fig. 1E),
in an ATG5-dependent fashion (Fig. 1F).
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Fig. 2. Autophagy-related signaling pathways elicited by FAs. (A-F) FYVE-RFP stable expressing U20S cells (A, B), GFP-TFEB stably expressing U20S cells (C, D), and wild-type U20S cells (E,
F) were treated with 500 puM FAs as indicated for 6 h (A-F) and 16 h (E,F) . Images from fixed cells were acquired and the area of FYVE-RFP* dots was measured as an indicator for
autophagy induction (B). Nuclear and cytoplasmic GFP-TFEB fluorescence intensities were measured and the ratio between nuclear and cytoplasmic values (GFPpyc/cyto ratio) was
calculated to indicate TFEB nuclear translocation (D). Nuclei were stained with Hoechst 33342 and the number of cells harboring normal nuclei (i.e. non pyknotic, “healthy cells”) was

determined (F). Data are means + SEM of at least three independent experiments (
viability are shown in A, C, E respectively. Scale bar equals 10 pm in A, C, and 50 pm in E.

*=p<0.05;"*=p < 0.01;*** = p < 0.001). Representative images of FYVE-RFP, GFP-TFEB, and
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Most of the cis-unsaturated FAs (with the exception of arachidonic
acid) failed to induce FYVE dots (which constitute a measurement of
phosphatidyl inositol-3-phosphate production) (Yakhine-Diop et al.,
2017), and this applies to mixed cis-trans-unsaturated FAs such as a-
calendic and rumenic acids as well (Fig. 2A, B), even though many of
them induced GFP-LC3 puncta (Fig. 1C, D). These data recapitulate our
observation that PA and stearic acid induce GFP-LC3 puncta in a
Beclin-1/phosphatidylinositol 3-kinase catalytic subunit type 3-depen-
dent fashion, while unsaturated FAs can do so without the formation
of phosphatidyl inositol-3-phosphate (Niso-Santano et al., 2015b). In

A. Sauvat et al. / EBioMedicine 30 (2018) 261-272

contrast, most of the FAs able to induce GFP-LC3 puncta also stimulated
the translocation of a GFP-TFEB reporter construct from the cytosol to
the nucleus (Fig. 2C,D), yielding a positive correlation between the
two parameters (r = 0.45, p < 0.05, Fig. 5B). We found a negative corre-
lation (r = —0.65, p<0.01, Fig. 5B) between autophagy induction
(measured at 6 h) and later loss in cell viability (measured at 16 h)
(Fig. 2E, F), which could be explained, in line with the idea that autoph-
agy is a major cytoprotective mechanism (Moreau et al., 2010), as an
attempt from cells to attenuate stress signals induced by high doses
(500 uM) of FAs.
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Fig. 3. Effects of FAs on the endoplasmic reticulum stress response. pPSMALB-ATF4.5rep (A, B) and XBP1-ADBD-venus (C, D) stable expressing U20S cells were treated with 500 pM FAs as
indicated or 3 uM thapsgargin or tunicamycin as positive controls for 16 h. After fixation, ATF4-GFP and XBP1-venus cytoplasmic intensities were measured and then the percentage of
cells with cytoplasmic GFP intensity higher than threshold was calculated (B, D). Data are means + SEM of at least three independent experiments (
0.001). Representative images of ATF4-GFP or XBP1-venus are respectively shown in (A,C), scale bar equals 10 um. (E, F) U20S (E) and HepG2 (F) cells were treated with 250 uM or
500 pM FAs as indicated or 3 pM thapsigargin as a positive control for 16 h. Then, proteins were separated by SDS PAGE and immunoblots were performed to detect spliced XBP1
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Altogether, it appears that FAs vary in their pro-autophagic and cyto-
toxic potential as they elicit GFP-LC3 puncta through rather divergent
mechanisms.

3.3. Differential Effects of FAs on the Golgi and the Endoplasmic Reticulum

Using a panel of biosensor cell lines, we evaluated the effects of FAs
on the morphology of the Golgi apparatus and the endoplasmic reticu-
lum (ER) stress response. For this, we used the biosensor GALT1-GFP
(which co-localizes with the Golgi, allowing to monitor morphological
alterations) (Niso-Santano et al., 2015b), a GFP protein that is expressed
under the control of the ATF4 promoter (which is only expressed if ATF4
is activated) (van Galen et al., 2014) and a XBP1-Venus fusion protein
(which is usually out-of-frame, yet is spliced in-frame and hence
expressed to yield the expression of Venus, a GFP derivative, upon
activation of the XBP1-activatory factor IRE1) (Iwawaki et al., 2004).
Multiple FAs could induce signs of ER stress. However, the three trans-
monounsaturated FAs (elaidic, linoelaidic and trans-vaccenic acid)
were rather inert in this parameter, contrasting with the effects of
multiple saturated, cis-monounsaturated or cis-trans-polyunsaturated
acids many of which elicited the activation of the two ER stress-linked
transcription factors ATF4 and XBP1 (Fig. 3A-D). The failure of EL to
induce LC3 lipidation and XBP1 maturation was confirmed by immuno-
blot analyses of two distinct cell lines (Fig. 3E,F). Several cis and
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cis-trans-unsaturated FAs were highly efficient in disrupting the Golgi
apparatus, causing its spread from its orthodox perinuclear location to
the cytoplasm or its dissolution (Fig. 4A, B). While saturated and
trans-monounsaturated FAs did not relevantly affect Golgi morphology,
cis-monounsaturated, cis-polyunsaturated or cis-trans-polyunsaturated
perturbed this organelle (Fig. 4A, B). To explore the possibility that some
FAs might induce autophagy by reducing protein acetylation, as this has
been shown for so-called caloric restriction mimetics (Marino et al.,
2014; Madeo et al., 2014), we also measured protein acetylation;
however, none of the tested FAs induced major protein deacetylation
(Fig. 4C, D), suggesting a different mode of autophagy induction.

The three trans-monounsaturated FAs included in this study (elaidic,
linoelaidic and trans-vaccenic acid) resembled three relatively large
(220 carbon atoms) cis-monounsaturated FAs (nervonic, erucic,
eicosenoic acid) in their relative failure to induce major biological ef-
fects on cultured cells, as revealed by non-supervised hierarchical clus-
tering of the results (Fig. 5A). Moreover, careful analysis of all data and
their correlations among measured parameters (Fig. 5B), revealed that
transcriptional responses leading to activation of ATF4, XBP1 and TFEB
correlated among each other. Moreover, both XBP1 and TFEB activation
were associated with the fragmented Golgi phenotype. Lipid uptake by
the cells, however, failed to correlate with the parameters measured
here (Fig. 5B). Altogether, these results underscore the complexity of
lipid effects on cultured cells.
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Fig. 4. Effects of FAs on the Golgi apparatus and deacetylases expression. (A, B) Wild-type and GALT1-GFP stably expressing U20S cells were treated with 500 uM FAs as indicated or 10 pM
golgicide A as positive controls for 16 h. Golgi apparatus from fixed cells was clustered into “fragmented” or “degraded” according to the area of the fluorescent signal, cytoplasmic intensity
and distribution within the cytoplasm; the percentage of cells harboring one or the other phenotype was thereafter calculated (B). Representative images of control, palmitate, oleate, and
elaidic acid are shown in A. Scale bar equals 10 pm. (C, D) U20S cells were treated with 500 uM FAs or left untreated as indicated for 6 h. After fixation, cells were treated with specific
antibodies to block acetylated tubulin, followed by immunofluorescence employing antibodies specific for proteins with acetylated lysines. Acetylated lysine cytoplasmic fluorescence
intensities were measured. Data are means 4+ SEM of at least three independent experiments (*=p < 0.05; **=p < 0.01) (D). Representative images of control, palmitate, oleate, and

elaidic acid are shown in C. Scale bar equals 10 um.
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Fig. 5. Systemic analysis of the biological effects of FAs. (A) FAs were hierarchically clustered after Z-score calculation of each measured parameter, then reported in heatmap (GOH, percent
of cells with normal Golgi morphology; VIAB, healthy cell count; ACE acetylated protein intensity; GOS, percent of cells showing fragmented Golgi apparatus; GFP-TFEByc/cyto intensity
ratio; XBP1/ATF4, percent of cells with high venus/GFP intensity; GOV, percent of cells with degraded Golgi apparatus; INT, fractional increase of cellular intake). (B) Correlation matrix
was built from Z-scores; the diagonal shows the distribution of Z-scores for each parameter; upper panel shows the Pearson correlation coefficient (*=p < 0.05;"*=p <0.01;"*=p <
0.001); lower panel depicts bi-parametric plots together with linear regression (red line). (C) A set of chemical descriptors (MW, molecular weight; RBC, rotable bound count; BSC,
bond stereocenter count; NCU, number of cis-unsaturations; other abbreviations are reported in the web page http://sysbiolab.bio.ed.ac.uk/wiki/index.php/CDK_Small_Molecule_
Descriptors) was calculated for each FA, and then correlated with the Z-scores of measured biological parameters (doi:10.17632/3d2zvjbh7z.1); Pearson correlation coefficients are
depicted on the correlation matrix as dots, with size representing the absolute value, and colour the real value (ranging from —1, red to +1), blue. (D) Coordinates from the two main
dimensions of a principal component analysis are plotted with the axes reporting the percentage of inertia. Polygons represent groups in which FAs were classified after K-Means
analysis. Numbers depicted above each dot represents the carbon chain length as well as NCU for each corresponding FA.

3.4. Physicochemical Characteristics Dictate Biological Effects of FAs

Principal component analyses of the biological lipid effects led to the
classification of FAs into three clusters (Fig. 5D, S2). One cluster is com-
posed by unsaturated FAs (PA and stearic acid) trans-monounsaturated
FAs (elaidic, linoelaidic and trans-vaccenic acid), and large (220 carbon
atoms) cis-monounsaturated FAs (nervonic, erucic, eicosenoic acid).
Another cluster comprises four highly unsaturated (3-4 unsaturations)
FAs (arachidonic, a-linoleic, y-linoleic and stearidonic acid). The third
cluster contains the two cis-trans polyunsaturead FAs (a-calendic and
rumenic acid) as well as 5 FAs with up to 18 carbon molecules bearing
one single cis-unsaturated bond (myristoleic, oleic, palmitoleic,
vaccenic acid) or two cis-unsaturations (linoleic acid). Driven by these
findings, which suggest correlations between biological function and

chemical structures, we attempted a systematic correlation between
multiple physicochemical parameters retrieved for each lipid
(Steinbeck et al., 2003) and its biological effects. Indeed, multiple signif-
icant correlations emerged (Fig. 5C). One of the strongest correlations
concerned the number of cis-unsaturations (NCU), which describes
the bending of the carbon backbone of each lipid (Table S1). This obser-
vation paired with the K-means analysis performed on biological pa-
rameters, which resulted in three clusters obviously related to the
NCU (Fig. 5D), in line with the interpretation that cis-unsaturations in-
deed dictate the biological effects of different lipid species. In addition,
the length of carbon chains can discriminate the properties of cis-mono-
unsaturated acids that fall into the two distinct clusters (Fig. 5D). Alto-
gether, these results underscore the importance of the overall lipid
structure in determining the biological effects of FAs.


http://sysbiolab.bio.ed.ac.uk/wiki/index.php/CDK_Small_Molecule_Descriptors
http://sysbiolab.bio.ed.ac.uk/wiki/index.php/CDK_Small_Molecule_Descriptors
http://dx.doi.org/10.17632/3d2zvjbh7z.1
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3.5. Functional Interactions Between Elaidic Acid (EL) and Other FAs

In contrast to its cis-isomer oleic acid, the trans-monounsaturated FA
elaidic acid (EL) appeared unable to stimulate major stress responses in-
cluding autophagy, ER stress and Golgi perturbations (Fig. 1-4). Based
on the consideration that trans-unsaturated FAs have been associated
with negative health effects including reduced lifespan in humans
(Oomen et al., 2001; Mozaffarian et al., 2006) and that autophagic flux
is one of the major determinants of health span and longevity
(Melendez et al., 2003; Tavernarakis et al., 2008; Rubinsztein et al.,
2011; Pyo et al., 2013; Green and Levine, 2014; Eisenberg et al., 2016;
Ho et al., 2017), we attempted to define conditions in which EL, which
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is particularly abundant in industrial food (Chajes et al., 2015), might in-
hibit autophagy. For this, we tested multiple autophagy inducers from
the ENZO SCREEN-WELL library and all FAs included in this study for
their capacity to stimulate GFP-LC3 puncta in U20S cells in the presence
or absence of EL (Fig. 6A). Strikingly, EL strongly inhibited autophagy
stimulated by PA and stearic acid but not by any other agent including
rapalogs and OL (Fig. 6A-C, Fig. S5). Although EL did not decrease the
uptake of lipids (Fig. 6D), it inhibited all stress signals elicited by palmi-
tate and/or stearate including p38 MAPK phosphorylation (Fig. 6C), for-
mation of phosphatidyl inositol-3-phosphate (Fig. 6E) and translocation
of TFEB to the nucleus (Fig. 6F). Careful dose response and kinetic
analyses confirmed the capacity of even comparatively low doses of EL
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Fig. 6. Inhibitory effects of elaidic acid on autophagy induction by saturated FAs. (A, B) U20S cells stably expressing GFP-LC3 were treated with 500 uM FA, or 10 uM of the autophagy-
inducer subset from the ENZO SCREEN-WELL autophagy library, in the presence or absence of 500 uM EL for 6 h. Autophagy was assessed after fixation by measuring the area of LC3
dots within each cell. The relative difference with and without EL co-treatment was calculated and is reported as barchart in A. Representative images are shown in B. Scale bar equals
10 pm. (C) U20S cells were treated with either vector (ethanol 0.5%), 500 uM OL, PA, or stearate in the presence or absence of 500 pM elaidate for 6 h. Thereafter, LC3 lipidation and
p62 degradation and p38 activation were measured by immunoblot as indicators for autophagy. (D) U20S cells treated as in C with OL, PA, and stearate in the presence or absence of
elaidate, were harvested and analyzed with GC/MS to measure the intracellular FA concentration and to test the effect of EL on FA uptake into cells. Data are means 4 SEM of at least
three independent experiments (*=p < 0.05, **=p < 0.01, **=p < 0.001, FA concentration in cells treated with a single FA compared to cells treated with vector control; #=p < 0.05,
FA concentration in cells receiving EL co-treatment versus cells treated with single FA). (E, F) FYVE-RFP (E) and GFP-TFEB (F) stable expressing U20S cells were treated as in C. After
fixation, images were acquired and the area of FYVE™ dots and TFEB nuclear translocation were analyzed. Data are means + SEM of at least three independent experiments (* = p
<0.05, **=p < 0.01, **=p < 0.001, FYVE dots surface or GFP-TFEBc/cyto ratio in cells with EL as compared to cells that were not co-treated with EL).
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(125 uM) to inhibit induction of autophagy, ER stress (measured as
elF2a phosphorylation) and cell death induction by PA (Fig. 7A). How-
ever, EL failed to affect any of the effects elicited by OL (Fig. 7B). The ca-
pacity of EL to inhibit palmitate effects on cultured cells was shared by
several additional trans-FAs including linoelaidic, trans-vaccenic, and
palmitelaidic acid (Fig. 7C). Moreover, EL prevented the induction of
signs of autophagy such as LC3B lipidation and STQM1/p62 depletion
in the liver and in the heart of mice after intraperitioneal injection of
PA (Fig. 7D, Fig. S3). In contrast, EL failed to prevent autophagy induc-
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induction by PA was confirmed using mice expressing transgenic GFP-
LC3, in which PA induced formation of autophagic puncta in the myo-
cardium was inhibited by EL (Fig. 7E). Importantly, PA (but not OL)
was able to induce autophagy in mouse embryonic fibroblasts (MEF)
bearing a knockin mutation in e[F2a (S51A) that renders the protein
unphosphorylable (Scheuner et al., 2001) and the autophagy-inhibitory
effect of EL persisted in these cells (Fig. 7F).

Altogether, these results support the idea that trans-FAs can se-
lectively interfere with the cell stress-inducing effects of saturated

tion by OL in vivo (Fig. S4). The capacity of EL to inhibit autophagy FAs.
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Fig. 7. Dose response and kinetic analysis of the effects of elaidic acid on autophagy induction by various FAs. (A, B, C) U20S cells stably expressing GFP-LC3 were treated with increasing
concentrations of EL (A,B,C), linoelaidic acid, transvaccenic acid, or palmitelaidic acid (C), and co-treated or not with the indicated increasing concentrations of PA (A,C) or OL (B) for 2, 4, 6,
16 (AB) or 24 h (A, B, C). After fixation, phosphorylated elF2a was visualized by immunofluorescence. For each treatment, the degree of autophagy was measured by the quantifying the
area of LC3 dots. ER-Stress was monitored by measuring the phosphorylation elF2a by immunofluorescence, and the loss of viability was quantitated by enumerating the number of cells
depicting a healthy morphotype. Data is depicted as a heatmap with maximum effects depicted in red and minimal effects in blue. (D) C57BL/6 mice were injected intraperitoneally with
vehicle only, 100 mg/kg PA, 100 mg/kg EL, or the combination of the two FAs. 2 h later, mice were euthanized and heart and liver were collected for immunoblotting. LC3 lipidation and p62
degradation were detected to indicate autophagy activity. GAPDH levels were monitored to ensure equal loading. (E) Transgenic mice harboring GFP-LC3 reporter were treated with either
PA, EL, or their combination. Frozen sections were made from hearts and thereafter imaged on a fluorescent microscope. Mean numbers of GFP-LC3 dots per cell were determined on
the obtained images. Results indicated on the bar chart represent the means from three mice. *p < 0.05. Representative micrographs of GFP-LC3 dots are shown together with barchart;
dots local contrast was enhanced for better visibility. Scale bar represents 10 um. (F) MEFs wildtype (WT) or carrying a non phoshorylable knock in mutation in elF2a (KI) both stably
expressing GFP-LC3 were treated with increasing concentrations of OL or PAL, in the presence or the absence of 500 uM EL for 2, 4 and 6 h. Cells were imaged after fixation and
autophagy levels were measured by measuring the total area of LC3 dots per cell. Quantifications are depicted as a heatmap with maximum effects in red and minimal effects in blue.
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4. Discussion

The present study constitutes a systematic attempt to compare the
cellular effects of multiple FAs that differ in their carbon chain length,
and the presence of cis or trans unsaturations. When determining mul-
tiple cellular parameters linked to autophagy (GFL-LC3 puncta, FYVE
dots reflecting the formation of PI3P, nuclear translocation of TFEB),
Golgi morphology (GALT1-GFP), the unfolded protein stress response
(activation of the el[F2ae phosphorylation/ATF4 and the IRE1/XBP1 path-
ways) and viability for some 19 distinct FAs, a pattern of differences
emerged. Such a pattern could be best resolved by means of principal
component analysis, leading to the conclusion that one of the most im-
portant physicochemical differences dictating the biological activity of
FAs is indeed the presence or absence of a trans-unsaturated bond.
Hence, the cis-unsaturated FAs oleic acid and linoleic acid are rather dis-
tinct in their biological activities from their trans-isomers, which are
elaidic acid and linoelaidic acid, respectively. Generally, it appeared
that trans-unsaturated FAs were less active in eliciting cellular stress
than cis-unsaturated FAs, as well as saturated FAs. Most strikingly, all
trans-unsaturated FAs tested here were unable to stimulate an autoph-
agic response.

Intrigued by the incapacity of trans-unsaturated FA to induce au-
tophagy, we investigated the possibility that they might inhibit autoph-
agy. EL, the most abundant FA generated by industrial food processing,
failed to inhibit autophagy induced by starvation as well as a panel of
all major autophagy inducers that comprises rapamycin, rapalogs, as
well as caloric restriction mimetics such as spermidine and resveratrol
(Eisenberg et al., 2009; Marino et al., 2014). However, EL and all other
trans-unsaturated FAs used in this study were highly efficient in
inhibiting autophagy induction by saturated FAs. This effect was specif-
ic, meaning that EL only prevents autophagy and endoplasmic reticu-
lum stress induced by the saturated FA PA but not by the unsaturated
FA OL. Moreover, it could be confirmed in vivo, in a mouse model in
which PA stimulated autophagy in the heart and in the liver, and this ef-
fect was abolished by co-injection of EL. The exact molecular mecha-
nisms through which trans-FAs inhibit PA-induced autophagy remain
elusive. Of note, this inhibitory effect was independent of the sequence
of administration (trans-FA before or after PA), and the potency of the
inhibitory effect was distinct for different trans-FAs, arguing against di-
rect interactions among the FAs. Moreover, the inhibitory effect of EL on
PA-induced autophagy could be uncoupled from the inhibition of e[F2a
phosphorylation, because both PA-induced autophagy and its inhibition
by EL were still observed in cells bearing a non-phosphorylable elF2a
mutant. At this stage, it is tempting to speculate that yet-to-be-charac-
terized changes in cellular membrane properties (Payet et al., 2013)
might account for the autophagy-inhibitory effects of trans-FAs.

Autophagy constitutes a major cytoprotective (and in particular
cardioprotective) mechanism that comes into action to protect cells
against acute stress, dampens inflammatory responses and counteracts
aging (Linton et al., 2015; Nishida and Otsu, 2016; Shirakabe et al., 2016;
Eisenberg et al.,, 2016; Tong and Hill, 2017). As a result, the capacity of
trans-FAs to reduce autophagy in specific circumstances warrants fur-
ther scrutiny to unveil the mechanisms through which they increase
the likelihood of cardiovascular morbidity and mortality.
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