SASBMB

JOURNAL OF LIPID RESEARCH

& click for updates

Supplemental Material can be found at:

http://www.jlr.org/content/suppl/2016/11/24/jir. M069385.DC1
CrossMark html

http://www.jlr.org/content/suppl/2016/12/14/jlr. M069385.DC2
_html

Ectopic fat deposition contributes to age-associated
pathology in Caenorhabditis elegans®

Konstantinos Pallkaras, ** Meropi Mari, " Barbara Petanidou,"® Angela Pasparaki,*

George Flhppldls,

Institute of Molecular Biology and Biotechnology* and Institute of Electronic Structure and Laser,

and Nektarios Tavernarakis®#

+

Foundation for Research and Technology, Heraklion 71110, Crete, Greece; and Physics Department§ and
Medical School,** University of Crete, Heraklion 71003, Crete, Greece

ORCID IDs: 0000-0003-4748-5968 (G.F.); 0000-0002-5253-1466 (N.T.)

Abstract Age-dependent collapse of lipid homeostasis re-
sults in spillover of lipids and excessive fat deposition in
nonadipose tissues. Ectopic fat contributes to lipotoxicity
and has been implicated in the development of a metabolic
syndrome that increases risk of age-associated diseases.
However, the molecular mechanisms coupling ectopic fat
accumulation with aging remain obscure. Here, we use non-
linear imaging modalities to visualize and quantify age-
dependent ectopic lipid accumulation in Caenorhabditis
elegans. We find that aging is accompanied by pronounced
deposition of lipids in nonadipose tissues, including the ner-
vous system. Importantly, interventions that promote longev-
ity such as low insulin signaling, germ-line loss, and dietary
restriction, which effectively delay aging in evolutionary di-
vergent organisms, diminish the rate of ectopic fat accumu-
lation and the size of lipid droplets. Suppression of lipotoxic
accumulation of fat in heterologous tissues is dependent on
helix-loop-helix (HLH)-30/transcription factor EB (TFEB)
and autophagy.Bll Our findings in their totality highlight the
pivotal role of HLH-30/TFEB and autophagic processes in
the maintenance of lipid homeostasis during aging, in addi-
tion to establishing nonlinear imaging as a powerful tool
for monitoring ectopic lipid droplet deposition in vivo.—
Palikaras, K., M. Mari, B. Petanidou, A. Pasparaki, G. Filippidis,
and N. Tavernarakis. Ectopic fat deposition contributes to
age-associated pathology in Caenorhabditis elegans. J. Lipid
Res. 2017. 58: 72-80.
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Aging is accompanied by impairment of tissue-regenera-
tive capacity and increased accumulation of lipids in non-
adipose tissues and organs. Fat is stored in adipose tissue
within specific cellular organelles, defined as lipid drop-
lets. Lipid droplets are universal intracellular structures,
evolutionary conserved from yeast to mammals (1, 2). They
are composed of a phospholipid monolayer surface and a
neutral lipid hydrophobic core. Several functional roles
have been ascribed to lipid droplets, including most promi-
nently energy storage, protection against excess lipid toxic-
ity, and protein sequestration and degradation (1, 3). The
enzymatic activity of several lipases located in the surface of
lipid droplets, such as adipose triglyceride lipase and hor-
mone sensitive lipase (4, 5), results in the production of
FFAs. Those are substrates for 3-oxidation enzymes residing
in mitochondria and peroxisomes. However, overburdened
adipose tissue causes a spillover of lipids and fat accumula-
tion in nonadipose tissues, such as brain, liver, and cardiac
and skeletal muscles. This is known as ectopic fat, and it is
involved in the pathogenesis of metabolic syndrome (6, 7),
a clustering of pathological conditions including type 2 dia-
betes, hypertension, and increased risk of cardiovascular
diseases among others. Furthermore, obesity, hyperglyce-
mia, elevated triglycerides, cholesterol and glucose blood
levels, and high blood pressure are complex characteristics
of metabolic syndrome. Ectopic fat is interspersed among
normal cells of senescent tissues, and it can be found in
multiple locations including skeletal and cardiac muscles,
brown adipose tissue, bone marrow, and thymus (8-11).
Ectopic fat accumulation contributes to organ dysfunction,
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However, the regulatory mechanisms dictating lipid ho-

lin resistance in skeletal muscles, reduced energy expendi-
ture in brown adipose tissue, and impaired function of
bone marrow stem cells (8, 12-15). Moreover, ectopic fat
accrual is associated with systemic inflammation due to in-
creased cytokine secretion from senescent ectopic adipo-
cytes (16). The elucidation of the regulatory mechanisms
orchestrating the interplay between aging and ectopic fat
deposition has been an important focus of biomedical re-
search during the last decades.

Most lipid research approaches rely on biochemical assays,
such as gas chromatography or TLC (17-20). However,
biochemical techniques pose several limitations and do not
provide spatial information about the fat storage sites on
whole animals. To alleviate these drawbacks, a plethora of
fluorescent-based methods to investigate fat metabolism
have been developed (21). Fluorescence imaging of live
organisms by using dyes including Nile Red (22), Oil Red O
(23, 24), BODIPY (18), and Sudan black (25), among oth-
ers, are the most common, efficient, and widely used. The
need for fast, noninvasive, label-free microscopy methods
led to the development of coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS)
(26, 27). These methods allow lipid visualization without
staining and provide valuable information about lipids chem-
ical specificity and identity. However, CARS and SRS are
laborious and costly microscopy methods as they require
two tightly synchronized and perfectly aligned laser beams.

Second harmonic generation (SHG) and third har-
monic generation (THG) are coherent nonlinear scattering
phenomena. The SHG signal is produced from noncentro-
symmetric molecules, and its signal arises from structures
with a high degree of orientation and organization but
without inversion symmetry, for instance myosin thick fila-
ments, collagen, microtubules, or lipid membranes (28-31).
On the other hand, THG is sensitive to local differences in
third-order nonlinear susceptibility X(s), refractive index,
and dispersion. Under tight focusing conditions, the ex-
tent of THG signal increases dramatically when beam focus
spans an interface between two optically different materials.
In THG microscopy, the contrast arises from interfaces and
optical heterogeneities of size comparable to beam focus.
No THG signal is collected when the laser beam is focused
into a homogeneous, normally dispersive medium (32).

Higher harmonic generation imaging techniques (SHG,
THG) constitute powerful tools for elucidating subcellular
structures and anatomical changes of various biological
samples and monitoring complicated developmental pro-
cesses in vivo at microscopic level (33-35). Furthermore,
THG is a reliable, nondestructive, label-free method for
imaging lipid deposition in tissues and cells of various bio-
logical samples (36). This modality is used for precise iden-
tification of lipid deposition in the nematode Caenorhabditis
elegans (37, 38). By using this diagnostic technique, it is fea-
sible to visualize and monitor the concentration of lipids in
adipose and muscular tissues of wild-type animals. Adipose
fat content markedly increases during development, fol-
lowed by subsequent gradual reduction during adulthood
(38), while ectopic fat deposition increases with age (37).

meostasis collapse and ectopic fat deposition during aging
still remain elusive.

Here we report the use of SHG and THG noninvasive
and label-free imaging techniques to monitor and quantify
ectopic lipid deposition and delineate the precise connec-
tion between ectopic fat accumulation and aging. Our stud-
ies suggest that fat content is gradually accrued with age in
nonadipose tissues, such as body wall muscles, pharyngeal
muscles, and neurons of C. elegans, independently of grow-
ing temperature. Importantly, several genetic interventions
known to delay aging across species such as low insulin sig-
naling, germ-line loss, and caloric restriction alleviate ecto-
pic fat levels and reduce lipid droplet size. Interestingly,
autophagy and helix-loop-helix (HLH)-30, the mammalian
homolog of transcription factor EB (TFEB) in nematodes,
are required to prevent ectopic fat accumulation. Our find-
ings highlight the pivotal role of HLH-30/TFEB in metab-
olism and prevention of ectopic fat expansion, thereby
preserving organismal homeostasis during aging.

MATERIALS AND METHODS

Nonlinear microscopy setup

The experimental setup was similar to the one described in our
previous studies (37, 38). A Yb-based solid-state femtosecond laser
oscillator, emitting near infrared pulsed light at a central wave-
length of 1,028 nm (t-pulse, Amplitude systems, 200 fs, 50 MHz
1 W) is used as excitation source. The laser beam is guided to a
modified upright microscope (Nikon Eclipse ME600D). Adjust-
able neutral density filters (New Focus) are utilized to control the
power at the sample plane. A telescope system is used to control
the beam radius. A set of galvanometric mirrors (Cambridge
Technology) is used to perform the fast raster scanning in the se-
lected xy plane of the C. elegans sample. The focal plane is ad-
justed by using a motorized translation stage (Standa Ltd., 1 pm
minimum step). Diffraction limited focusing is achieved by using
a high numerical aperture objective lens (Carl Zeiss, C-Achroplan
32x, NA 0.85, water immersion). Specimens are placed between
two thin (~70 pm) glass coverslips (Marienfeld). The glass slides
are separated by a 100 pm spacer in order to protect the samples.
Our experimental apparatus allows the collection of two different
nonlinear optical signals simultaneously (one in the reflection
and the other in the transmission mode). For our experiments,
THG is detected in the forward path, while SHG and two-photon
excited fluorescence (TPEF) signals are detected in the backscat-
tered direction in distinct set of measurements. This quality of our
system makes it capable of performing colocalization measure-
ments. Sample scanning and data acquisition are controlled
through a LabVIEW interface adapted to the experiment require-
ments. The bright field observation of the worm is performed via
a CCD camera (PixeLINK). The signals in the reflection mode
(SHG or TPEF) are recorded by a photomultiplier tube (PMT;
Hamamatsu) that is attached on the microscope eyepiece site and
wired to the computer. An appropriate narrow bandpass interfer-
ence filter (CVI F03, 514.5 nm) is used in the case of SHG mea-
surements. For the TPEF measurements, a short pass filter (SPF
700 nm, CVI) and a bandpass filter (640 nm/40 nm, Chroma),
are used for the Nile Red staining of the samples while for the
green fluorescent protein (GFP) staining along pass filter (FGL530
Thorlabs) is used. On the other hand, for the forward detected
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amplified from C. elggans genomic DNA using the primers

NA, air immersion), a colored glass filter (U 340-Hoya), and a
second PMT (Hamamatsu) are used. The laser power on the sam-
ple plane was 48 mW for all measurements (~1 nJ per pulse). Our
setup scans 500 x 500 pixels THG, SHG, or TPEF image in 1s. To
improve the signal to noise ratio (SNR), 30 scans are averaged for
each final image. To further improve image quality, a series of 2D
optical sections was acquired at 2 pm intervals (z stack) and pro-

jected (maximum intensity projection) onto a single plane. Image J

is used for viewing and processing the obtained data (National
Institutes of Health; http://imagej.nih.gov/ij/).

Imaging and statistical analysis

All the samples have been imaged under constant irradiation
conditions. THG intensity values were collected from the PMTs
and were stored in 2D 500 by 500 matrices, representing each
slice image of the animal. THG signal quantification was per-
formed by setting a threshold in the obtained normalized slice
images, so that regions generating high levels of nonlinear signal
(mainly corresponding to lipid particles) are solely detected and
isolated. Processing of images and thresholding was performed
using Image J. Normalized 8 bit slice images of the sample are
initially inserted in Image ] and consequently thresholded using a
constant threshold value so that only the highest 23.5% of the
THG signals is recorded and quantified. In this manner, the gen-
erated stack of binary images following the thresholding proce-
dure represents exclusively the lipid droplets in the pharyngeal
area of the animal, while the lower THG signals arising from
other inhomogeneous structures are effectively eliminated. Lipid
content was measured by calculating the total area of detected
regions for all sequential optical planes covering the sample
depth. In addition, the average lipid droplet size for each animal
can be estimated through the same process and compared among
the different strains. At least 12 animals were imaged for each ge-
netic background or time point examined. Mean pixel intensities
were calculated by averaging values obtained for each image, after
thresholding, in Image J. Detection and area measurement of
lipid droplet regions in the resulting binary images stack were per-
formed through the Analyze Particles function of Image J. The
total sum of the detected areas (in pixels) was calculated as a rep-
resentative index of the total lipid content within the examined
part of the pharynx. Furthermore, the average lipid droplet size
for each animal was also calculated using the same data. Total
lipid particle area and average lipid droplet size (pm®) measure-
ments of different samples were compared by one-way ANOVA,
followed by Tukey honest significant difference (HSD) post hoc
tests (SPSS, IBM Corp.).

C. elegans strains and culture methods

We followed standard procedures for C. elegans strain mainte-
nance (39). Nematode rearing temperature was kept at 20°C, un-
less noted otherwise. The following strains were used in this study:
N2: wild-type Bristol isolate, CB1189: unc-51(e1189)V, CB1370:
daf-2(el1370)I1I, CB4037: glp-1(e2141)III, DA465: eat-2(ad465)I1,
lgg-2(tm5755)IV, lipl-4(tm4417)V, lipl-1(tm1954) lLipl-3(tm4498)V.
To investigate whether THG signal arises form lysosomes, we
used the following transgenic animal: RT258: wunc-119(ed3)III;
pwls50[py,, LMP-1::GFP + Cbr-unc-119(+)]. We used IR28:
N2;15001[p.,,,sMYO-3::GFP] to monitor body wall muscle cells. The
following strains were used for monitoring ectopic fat depositions in
nervous system: BZ555: N2;egls1[p 4,.;GFP], IR824: N2; Ex001[ p .
1/GFP], and IR1886: hih-30(tm1978);Ex001[p,y, ;;GFP].

Molecular cloning

To generate the p,;;.;;GFP reporter construct, we fused a
Sall/ Kpnl fragment, containing the sequence of Alh-17 promoter,
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5’ACGCGTCGACATGACGGAGTTGAGGCCAAAATCCS” and 5’
CGGGGTACCGACTGGGGTGTAAGTGAATGAGAGAGGAY’, at
the amino (N) terminus of GFP, in the pPD95.77 plasmid vector.
The p,;.;; GFP reporter construct was coinjected with pRF4 (con-
tains the r0l-6(sul006) dominant transformation marker) into the
gonads of wild-type animals. For engineering the lilp-4 and hih-30
RNAI construct, gene-specific fragments of interest were obtained
by PCR amplification directly from C. elegans genomic DNA using
the following sets of primers 5’'CTACAACACAACAACAAAAGATS
and 5’ATGAGAAAGAAATTACCTGAACS” and 5'TTGACATTTC
CAACGAGACGCS and 5'TGCTCGTCCCTAGAATTCACAY, re-
spectively. The lgg-1 and bec-1 RNAi constructs have been de-
scribed previously (40).

Fat staining

For Nile Red staining, L4-stage worms were incubated on
plates seeded with OP50 bacteria and transferred to fresh plates
every other day until they reached day 1 or day 12 of adulthood.
Then, worms were fixed for 5 min in 3 ml cold (—20°C) metha-
nol. Subsequently, 2 ml of PBS-T (PBS with 0.1% Tween-20) were
added and tubes were centrifuged for 2 min at 3,000 rpm to re-
move the supernatant. Finally, worms were washed twice in PBS-
T. Following fixation, worms were stained for 20 min in 10 mM
Nile Red (Sigma-Aldrich Corp.), added from a stock solution of
50 mM Nile Red diluted in 100% DMSO. For SHG and THG im-
aging microscopy, nematodes were collected and washed with M9
buffer several times to remove bacteria. Prior to imaging, worms
were immobilized with sodium azide buffer at a final concentra-
tion of 10 mM. Finally, immobilized animals were examined
microscopically.

BODIPY uptake assay

One-day-old and 5-day-old adults were placed on nematode
growth media Escherichia coli (OP50) plates seeded with 100 ul of
5 uM C1BODIPY-C12 (Invitrogen, D3823) diluted in M9 buffer.
Animals were incubated for 1 h with the compound at room tem-
perature. Stained and washed worms were immobilized with le-
vamisole before mounting on 2% agarose pads for microscopic
examination with a Zeiss Axiolmager Z2 epifluorescence micro-
scope. We calculated the mean and maximum pixel intensity for
each animal in these images using the Image] software (http://
rsb.info. nih.gov/ij/). In each experiment, at least 90 animals
were examined for each strain/condition. Each assay was re-
peated at least three times. We used the Prism software package
(GraphPad Software) for statistical analyses.

RESULTS

Nonlinear modalities as diagnostic tools for visualization
and quantification of ectopic fat in C. elegans

We utilized nonlinear imaging methods to visualize and
quantify ectopic fat deposition in C. elegans. The nematode
has been established as a model organism for dissection of
molecular mechanisms regulating lipid metabolism due to
its genetic tractability and transparency throughout its life
cycle (41, 42). A combination of THG and TPEF modalities
allowed the detection of THG signals from lipid droplets
stored in nonadipose tissues. We imaged worms fixed and
stained with Nile Red, a fluorescent dye routinely used for
fat content visualization (21, 23). In Fig. 1, the contour, the
shape, the linings of the animal pseudocoelomic cavity,
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Fig. 1. THG specifically visualizes ectopic fat deposition in C. ele-
gans. THG signals (blue) colocalize with Nile Red (red) labeled lip-
ids in C. elegans, visualized by TPEF. Images of pharyngeal area of
1-day-old wild-type animals are shown. Scale bar denotes 30 pm.

and other discontinuities in the anterior body segment are
detected through THG measurements (blue). The highest
THG signals arise from internal structures of the head re-
gion. We found that these high-intensity THG (blue) struc-
tures and TPEF (Nile Red, red) signals colocalized (purple)
in the pharyngeal region of fixed animals, indicating un-
ambiguously that strong THG signal emanates from ectopi-
cally distributed lipid droplets (Fig. 1; supplemental Fig.
SIA-D). For the colocalization measurements, central
slices of the worm were used to avoid the contribution of
the lipids from the hypodermis. The fluorescence might be
more intense compared with the THG on some structures
resulting in the red overwhelming TPEF. Subtle or no
changes in the intensity or localization of THG signals col-
lected from muscular areas were monitored in animals
stained with Nile Red (Fig. 1; supplemental Fig. SIA-D).
Additionally, we used transgenic animals expressing the
myosin heavy chain, MYO-3, tagged with GFP in body wall
muscle cells and THG imaging to monitor lipid droplets
distribution in muscular area. Lipid droplets (internal cir-
cular structures in blue) were detected in striated body wall
muscle cells, verifying the existence of ectopic fat deposi-
tion in C. elegans (supplemental Fig. S2). To validate the
specificity of THG signal and investigate whether it derives
from lysosome-related structures, we imaged transgenic
animals expressing the lysosomal protein LMP-1 fused with
GFP. We found that THG signal is clearly distinct from ly-
sosomes (supplemental Fig. S3). Moreover, lipofuscin au-
tofluorescence does not overlap with THG signals (38).

Previous studies have shown enhanced ectopic lipid de-
position during aging in nematodes (37, 43). Simultaneous
measurements of SHG and THG were performed on the
whole body of wild-type C. elegans to monitor and compare
ectopic fat storage in young and old animals. We found
that fat deposition increases in body wall muscle cells with
age (Fig. 2A). The intestine and hypodermis are the main
lipid storage tissues of nematodes; hence, imaging of lipid
droplets in intestinal cells has been used for the identifica-
tion of genes regulating lipid metabolism (25). Subse-
quently, we focused on the pharynx, an organ composed of
eight layers of muscles, to quantify ectopic fat levels and
avoid THG signal arising from intestinal area. We observed
that ectopic lipids gradually increase in pharyngeal mus-
cles of wild-type nematodes during aging (Fig. 2B, C; sup-
plemental Fig. S4). Although temperature influences C.
elegans physiology and metabolic rate, lipids expand ectopi-
cally in a temperature-independent manner. Age-matched
animals raised at different growing temperatures (15°C,
20°C, and 25°C) display similar ectopic fat levels through-
out life (supplemental Fig. S5).

A

B wt

Mean number of pixels )
above intensity threshold

0

0@\'\ Ora‘XQ’ 0@.{'3’

Fig. 2. SHG and THG imaging reveal ectopic lipid droplet accu-
mulation during aging. Simultaneous SHG (magenta) and THG
(blue) signals visualize fat storage in body wall muscles (z-sequence
of 2D slices divided by 2 pm) (A) and z-projections to maximum
intensity of 15 slices divided by 2 pm of pharyngeal muscles (B) of
wild-type nematodes during aging. C: Quantification of THG sig-
nals. n = 12 for each time point. *** P < 0.001, one-way ANOVA
followed by Tukey HSD post hoc test; error bars denote standard
error of the mean. Scale bars denote 30 pm.

Recently, it was documented that mice fed with a high-
fat diet display excessive lipid content in hypothalamic
brain region (44). Ectopic fat in the brain could impair
neuronal function and contribute to manifestation of neu-
rological disorders. We used nonlinear modalities to inves-
tigate whether fat accumulates in C. elegans nervous system.
Nonneuronal glial cells play a pivotal role in nervous sys-
tem, supporting neuronal activity through their metabolic
and structural function and influencing animal behavior.
Recently, it was reported that neuronal dysfunction leads
to lipid droplet accrual in neighboring glial cells altering,
in turn, their lipid metabolism and causing neurodegen-
eration (45). Cephalic sheath glial cells (CEPsh) are lo-
cated in the anterior part of the pharynx forming a tubular
structure, which regulates neuronal organization, axon
guidance, and dendrite and axon extension. Ablation of
CEPsh during embryonic development results in impaired
nerve ring structure and axon guidance defects (46, 47).
Coupling of both THG and TPEF methods revealed lipid
droplet accumulation in CEPsh during aging (Fig. 3A, B).
CEPsh surround the sensory ending of CEP (neurons as-
sociated with cephalic sensilla) dopaminergic neurons. By
using transgenic animals expressing GFP fluorescent pro-
tein in CEPs, ADEs (sensory neurons of anterior deirids),
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PDEs (neurons with ciliated endings in the posterior deirid
sensilla) dopaminergic neurons, we monitored age-depen-
dent accrual of lipid droplets around neuronal cell bodies
and along neuronal processes (Fig. 3C, D).

Taken together, our results suggest that fat content grad-
ually increases in several nonadipose tissues, such as body
wall muscles, pharyngeal muscles, and neuronal and glial
cells during aging in C. elegans. Moreover, our study estab-
lishes nonlinear phenomena as a novel, noninvasive, and
label-free microscopy method to visualize ectopic lipid de-
position in vivo.

Longevity-promoting interventions alleviate the rate of
age-dependent ectopic fat accumulation and reduce lipid
droplet size in C. elegans

Restriction of calorie intake prolongs life span in many
species including rats, mice, fish, worms, flies, and yeast (48).
This dietary manipulation is referred as caloric restriction.
In mammals, nutrient deprivation results in the delay of
numerous detrimental age-associated hallmarks, such as
increased adiposity, abdominal fat, and impaired hepatic
and peripheral insulin action (49, 50). Although caloric re-
striction effect on primate life span remains ambiguous, its
beneficial impact on preventing a variety of age-related pa-
thologies is generally accepted (51-53).

In C. elegans, caloric restriction can be genetically mim-
icked with eat-2(ad465) mutants, which display defective
food intake due to reduced pumping rate (54). Consistent
with the previous reported effects of caloric restriction on
ectopic fat deposition (49, 50), eat-2(ad465) animals display
decreased rate of ectopic lipid storage in pharyngeal mus-
cles compared with their wild-type counterparts during ag-
ing (Fig. 4A, B). Interestingly, EAT-2-depleted animals
display steady levels of ectopic lipids throughout life (sup-
plemental Fig. S6A, B). In addition to caloric restriction,
we found that low insulin signaling and germ-line loss di-
minish the rate of ectopic fat accumulation during aging
(Fig. 4A; supplemental Fig. S6C). Furthermore, the size of
lipid droplets is significantly reduced in long-lived mutants
compared with wild-type animals (Fig. 4B). Increased lon-
gevity of eat-2(ad465) mutants is mediated by HLH-30 tran-
scriptional activity (23, 55). HLH-30 is the mammalian
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Fig. 3. Gradual lipid droplet accumulation in C. ele-
gans nervous system with age. Coupling of TPEF
(green) and THG (blue) imaging reveals lipid droplet
accumulation in CEPsh (A, B) and around neuronal
cell bodies and along neuronal processes of CEP dopa-
minergic neurons (C, D) during aging. The images
are z-projections of 18 slices to maximum intensity di-
vided by 2 wm. Scale bars denote 30 pwm.

homolog of the basic HLH/TFEB, which coordinates the
expression of several lysosomal and autophagy genes (56).
To investigate the contribution of HLLH-30 activity in reg-
ulation of age-dependent ectopic fat deposition, we knocked
down HLH-30 in wild-type and eat-2(ad465) mutants. Notably,

A S [Cwt * k Kk
g 4 {Teat-2 (ad465) B
©S  |mmdaf-2(e1370)
S35 3 mmp-1(e2141)
£
4]
53 27 NS
9 ® -
g 17
O -
Day 1 Day 9
* * k
B 757wt * Kk *
2 * k&
£ 5 o] 3 eat-2 (ad465)
o& B daf-2(e1370) Ba
'_3 % 4.51 @ glp-1(e2141)
S 3 3.0- NS
& 9
S 15 -
(4]
=
0- T
Day 1 Day 9

Fig. 4. Longevity-promoting interventions prevent age-depen-
dent ectopic fat deposition. A: The rate of ectopic lipid content in
the pharynx of wild-type animals is significantly increased compared
with eat-2(ad465), daf-2(e1370), and glp-1(e2141) mutants during ag-
ing. The division of THG signal values, at day 1 and day 9, by the day
1 THG signal values of each strain, respectively, depicts the rate of
ectopic lipid content. B: Quantification of lipid droplet sizes in
long-lived animals during aging. n = 12 for each genetic background
and time point. NS, P> 0.05, *#* P < 0.001, one-way ANOVA fol-
lowed by Tukey HSD post hoc test; error bars denote standard error
of the mean.
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utophagy is required for increased longevity of eat-
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Fig. 5. HLH-30 and autophagy preserve lipid homeostasis in eat-
2(ad465) mutants. A, B: Quantification of THG signals in the pha-
ryngeal muscle cells of wild-type and eat-2(ad465) animals upon
knockdown of (A) Alh-30 or (B) lgg-1. n = 12 for each genetic back-
ground and time point. NS, P> 0.05, *** P<(0.001, one-way ANOVA
followed by Tukey HSD post hoc test; error bars denote standard
error of the mean.

HLH-30 depletion leads to excessive ectopic lipid expansion
both in wild-type and eat-2(ad465) animals (Fig. 5A; supple-
mental Fig. S7A) without influencing their feeding behav-
ior (supplemental Fig. S7B). Additionally, lipid droplets
are enlarged upon knocking down of HLH-30 in eat-
2(ad465)animals (supplemental Fig. S8A), underlining the
essential role of HLH-30 in the regulation of ectopic fat
deposition.

HLH-30/TFEB is considered as the master regulator of
autophagy (57). Autophagy is a core catabolic process, which
removes toxic protein aggregates and/or damaged organ-
elles, thus preserving cellular and organismal homeostasis
and supplying cells with recycled amino acids for anabo-
lism (58). A recent study demonstrated the vital role of au-
tophagy in lipid homeostasis of nematodes highlighting
its necessity in lipid storage and energy metabolism (59).

2(ad465) mutants (60). Although autophagy inhibition
does not alter ectopic fat accumulation in nonstress condi-
tions during aging (supplemental Figs. S8B and S9A),
knockdown of lgg-1 encoding the C. elegans homolog of the
mammalian LC3 results in enhanced lipid levels and in-
creased lipid droplet size in pharyngeal muscles of eat-
2(ad465) animals (Fig. 5B; supplemental Fig. S8B). These
results suggest that HLH-30 regulates ectopic fat in an au-
tophagy-independent manner in nonstressed wild-type
nematodes because autophagy differentially affects lipid
distribution under normal and dietary-restricted condi-
tions. HLH-30 is known to govern lysosomal activity
through the transcriptional regulation of several lysosomal
genes (23, 55-57). Lysosomal acid lipases catabolize lipid
droplets and modulate fat content. To investigate whether
lysosomal acid lipases are involved in the regulation of ec-
topic fat, we monitored fat content in pharyngeal muscles
of lipl-4(tm4417) and lipl-1(tm1954) lipl-3(tm4498) mutants.
LIPL-4, alysosomal triglyceride lipase, is associated with life
span extension and modulation of lipid metabolism (61—
63). However, neither LIPL-4 nor simultaneous LIPL-1
and LIPL-3 inhibition affects ectopic fat distribution in
nonstressed wild-type animals during aging (supplemental
Fig. S9B). Interestingly, LIPL-4 depletion results in exces-
sive ectopic fat accumulation and enlargement of lipid
droplets in eat-2(ad465) mutants (supplemental Fig. S10A,
B). Considering the function of HLH-30/TFEB in multiple
metabolic pathways mediating both breakdown and bio-
synthesis of lipids (64), our results suggest the existence of
an alternative redundant mechanism involved in the main-
tenance of lipid homeostasis under nonstress conditions
during aging. A very recent study uncovered the role of vi-
tellogennins/lipoproteins in autophagy-mediated longevity
(65). Age-dependent vitellogennin/lipoprotein accumula-
tion could drive ectopic lipid deposition during aging.
Several transcription factors known to promote longevity,
including DAF-16/FOXO and SKN-1/Nrf, among others,
regulate vitellogennins, thus maintaining lipid homeo-
stasis (65, 66). In addition, HLH-30/TFEB could preserve
lipid homeostasis through vitellogennins/lipoproteins
regulation.

DISCUSSION

Nonlinear phenomena are established microscopy tech-
niques for visualization of subcellular structures and bio-
logical processes in vivo. In this study, we show that C.
elegans ectopic fat can be monitored and quantified accu-
rately by combining noninvasive, label-free nonlinear im-
aging modalities. Lipid metabolism is altered during aging
and is mainly characterized by elevated cholesterol levels,
reduced fatty acid oxidation, increased lipogenesis and im-
paired lipolysis (65, 67, 68). Age-dependent alterations of
fat storage can promote lipotoxic effects resulting in tissue
homeostasis collapse and eventually death (43). FFAs per
se or FFAs-derived metabolites stimulate cell death path-
ways or oxidative stress undermining cellular activity and
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promote excessive lipid accrual in other tissues (65). Sev-

THG and showed that lipids expand ectopically in pharyn-
geal and body wall muscle cells during aging in C. elegans
animals. Furthermore, our method provides novel insights
into ectopic fat distribution in glial and neuronal cells.
Although lipid storage and metabolism is essential for
proper function of nervous system, our findings are consis-
tent with several recent studies proposing that aberrant
lipid droplet formation and expansion could contribute to
neurodegeneration and development of neurological dis-
orders (3, 73-76).

As life expectancy and standards of living are constantly
improving in modern societies worldwide, the proportion
of aged individuals will increase significantly over the next
decades. In parallel, incidences of age-associated disorders,
such as obesity, diabetes, cardiovascular pathologies, sarco-
penia, osteoporosis, and cancer, which already raise health
system costs worldwide, will increase. Calorie deprivation,
either by decreasing food intake or by using caloric restric-
tion mimetics, is the only nongenetic intervention promot-
ing longevity and protecting against age-related pathologies,
including metabolic syndrome among others (51, 77).
Metabolic syndrome affects a significant percent of adult
population in developed countries. Affected individuals
display greater risk for developing type 2 diabetes, increased
inflammation, cognitive impairment, and accelerated
functional decline (78, 79). Caloric restriction delays or
prevents several potentially harmful age-associated pheno-
types, which are known to be involved in metabolic syn-
drome progression (49, 50). To this direction, we observed
decreased levels of ectopic fat deposition in caloric-re-
stricted eat-2(ad465) mutants compared with wild-type nem-
atodes during aging. Notably, autophagy and HLH-30/
TFEB are indispensable for reduced ectopic fat levels in
caloric-restricted animals. This excessive ectopic lipid ac-
cumulation can be explained by either a cell autonomous
inability to hydrolyze lipids via lysosomal lipases and lipo-
phagy in peripheral tissues or a cell autonomous enhanced
uptake of lipids by nonadipose tissues or a cell nonautono-
mous elevated lipid secretion toward peripheral tissues.
Interestingly, autophagy depletion does not lead to exces-
sive fat accumulation in nonadipose tissues of wild-type
nematodes under normal conditions, similarly to HLH-30
deficiency. These results indicate that HLH-30 regulates
lipid metabolism and prevents ectopic fat deposition in an
autophagy-independent manner. HLH-30/TFEB is known
to control autophagy through transcriptional regulation of
several lysosomal and autophagy genes (23, 55-57). Because
autophagy is not implicated in the regulation of ectopic
lipid distribution in nonstress conditions, HLH-30 might
coordinate lipid metabolism by modulating lysosomal func-
tion. Although lysosomal lipase inhibition results in ele-
vated ectopic fat deposition in caloric-restricted eat-2(ad465)
animals, deficiency of lysosomal lipases does not enhance
ectopic lipid storage in wild-type nematodes during aging,
underlining the existence of an alternative regulatory mecha-
nism of ectopic fat distribution under nonstress conditions.

Recently, it was suggested that age-dependent increase
of the vitellogennin/lipoprotein expression levels could
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eral transcription factors, which are known to induce lon-
gevity such as DAF-16, PHA-4, and SKN-1 among others,
also regulate the expression levels of vitellogennins, thereby
preserving lipid homeostasis (65, 66). HLH-30/TFEB
could also be involved in the regulation of vitellogennins/
lipoproteins modulating lipid homeostasis and ectopic
lipid storage under normal and stress-induced conditions.
Although HLH-30/TFEB is required under stress condi-
tions to maintain organismal homeostasis and survival (55,
80), its function is not restricted to normal conditions.
Wild-type nematodes subjected to RNAi against Alh-30 dis-
play decreased expression of several autophagy and lyso-
somal genes. Additionally, HLH-30/TFEB is present in the
nucleus even under normal conditions (55) indicating its
role in basal autophagy in nonstressed animals. However,
the impact of HLH-30/TFEB activity in the vitellogennin/
lipoprotein regulation needs further to be examined.
Investigating the interplay between aging and ectopic
lipid accumulation will enlighten new avenues for thera-
peutic interventions to cure metabolic syndrome-associated
pathologies. Therefore, the development and establishment
of novel, noninvasive, and label-ree methods for visualizing
fat deposition in vivo is a prerequisite to tackle the demand
of fatty acids imaging distribution. Nonlinear imaging phe-
nomena are successfully used for in vivo visualization of lipid
storage and ectopic fat deposition. Nonlinear microscopes
are readily used systems and require just a single pulsed
femtosecond laser light source, in contrast to other more
laborious label-free microscopy techniques. Furthermore,
nonlinear modalities (SHG, THG) can be implemented by
easily upgrading a common multiphoton microscope. These
specific advantages render nonlinear imaging methods,
and specifically THG modality, versatile, reliable, and easily
accessible tools for the dissection of cellular and molecular
mechanisms regulating lipid storage and metabolism.Hl
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