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Selective detection of lipophagy with a highly
specific lipid droplet probe

Shixiong Wen,†a Xiaoxue Zou,†b Jianing Liu,b Jiahuai Han*a,c and Shoufa Han *a,b

Lipophagy, the autophagic degradation of lipid droplets (LDs) by lysosomes, is an important route for

maintaining LD homeostasis. Tools for lipophagy detection facilitate research in LD biology. Herein, we

report LD-Blue, a highly specific LD probe, for tracking dynamic formation of LDs and detection of lipo-

phagy. Upon lipophagy, LD-Blue chaperoning host LDs is delivered into lysosomes. By using the co-local-

ization co-efficiency of LD-Blue and LysoTracker Red as the readout of lipophagy, we observed lipophagy

induced by serum deprivation but not acute nutrient starvation as well as lipophagy inhibition by chloro-

quine and Bafilomycin A1. With the established fidelity of the LD-Blue-based co-localization assay for

lipophagy, monensin is identified to be a potent inducer of lipophagy.

Lipid droplets (LDs), vesicular organelles enclosed by a single
phospholipid layer, are the central hub coordinating cellular
lipid uptake, storage, distribution and utilization.
Predominantly found in adipocytes and hepatocytes,1 the cata-
bolism of LDs occurs primarily through two pathways: lipolysis
and lipophagy.2 The latter, a selective autophagy process,
involves engulfment of LDs by autophagosomes that are
further fused with lysosomes for degradation.3 As dysregulated
lipophagy is associated with a spectrum of pathologies includ-
ing obesity, diabetes and hepatic disorders,4 tools allowing
accurate detection of lipophagy are beneficial for investigating
lipophagy-engaged diseases. In this regard, stringent probe
specificity for LDs is a prerequisite for tracking dynamics of
LDs and lipophagy. Much effort has been directed to the devel-
opment of LD probes with improved performance,5,6 often by
integrating lipophilic fluorophores such as BODIPY,7 coumarin,8

triphenylamine9 and 1,8-naphthalimide.10 In addition, LD probes
have been used to differentiate cancerous cells from normal
cells.11 Lipophagy has been assessed by electron microscopy,
immunofluorescence staining or co-localization co-efficiency of
fluorescent protein-defined lysosomes with dye-stained LDs.3,12

Chemical imaging probes are more advantageous than protein-
based ones in several aspects, such as applicability to diverse cell

lines and ease of structural modification. Currently, there
remains a paucity of chemical probes suitable for lipophagy
imaging.8d,13 Based on the advances of LD dyes, we herein dis-
close LD-Blue, a highly specific probe for imaging dynamic LDs
and lipophagy. LD-Blue consists of a hydrophobic fluorogen of
1,8-naphthalimide and an entity of 3,5-bis(trifluoromethyl)
benzene. Weakly fluorescent under polar conditions, LD-Blue
becomes highly emissive in hydrophobic LDs. Upon lipophagy,
LDs are delivered into lysosomes, leading to varied overlap co-
efficiency of LD-Blue trapped in LDs with LysoTrackers in lyso-
somes. Utilizing this overlap/co-localization assay, we observed
that robust lipophagy was induced by serum deprivation but not
acute nutritional deficiency, such as Hanks buffered salt solution
(HBSS) treatment. The latter is often employed to trigger auto-
phagy of organelles including mitochondria and endoplasmic
reticulum. With LD-Blue, monensin is found to be a potent
inducer of lipophagy (Scheme 1).

Experimental procedure
Materials and methods

Cell lines and reagents. HeLa (CCL-2™), SH-SY5Y
(CRL-2266™), Hep G2 (HB-8065™), A549 (CCL-185), and
MCF-7 (HTB-22™) cells were obtained from the American Type
Culture Collection (ATCC). MEF cells were a gift from the lab-
oratory of Professor Chen-Song Zhang. HeLa cells stably
expressing LAMP2-GFP (Lyso-GFP), TOMM20-RFP (Mito-RFP),
SS-RFP (ER-RFP), and TMEM165-RFP (GA-RFP) were kindly
provided by Professor Jiahuai Han’s laboratory. All cell lines
were cultured with Dulbecco’s modified Eagle’s medium
(DMEM; GIBCO, C11995500CP) supplemented with 10% fetal
bovine serum (Thermo, A3160901), 2 mM L-glutamine, 100 IU†Both of these authors contributed equally to this work.
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penicillin, and 100 mg mL−1 streptomycin at 37 °C in a
humidified incubator under 5% CO2. Tunicamycin
(HY-A0098), thapsigargin (HY-13433), rapamycin (HY-10219),
etoposide (HY-13629), carbonyl cyanide m-chlorophenylhydra-
zone (CCCP, HY-100941), rotenone (HY-B1756), nigericin
(HY-127019), monensin (HY-N0150), chloroquine (CQ,
HY-17589A), BODIPY 493/503 (HY-W090090), LysoTracker Red
(HY-D1300) and Nile Red (HY-D0718) were purchased from
MCE. Hoechst (C1017), Golgi-Tracker Red (C1043), oleic acid
(OA, ST2053), HBSS (Hanks’ Balanced Salt Solution with Ca2+

& Mg2+, C0219), Cell Counting Kit-8 (C0037) and ER-Tracker
Red (C1041S) were purchased from Beyotime. MitoTracker
Deep Red (MTDR, M22426) was purchased from Invitrogen.
Bafilomycin A1 (Baf-A1; S1413) was purchased from Selleck. All
other chemicals were purchased from Sigma unless specified.

Microscopy. The fluorescence spectra were recorded on a
SpectraMax M5 (Molecular Devices). Confocal fluorescence
microscopy imaging was performed on a Zeiss LSM 980 using
the following filters: λex = 488 nm/λem = 499–553 nm
for BODIPY 493/503 and GFP; λex = 561 nm/λem = 570–620 nm
for RFP, Nile Red, ER-Tracker Red and LysoTracker Red;
λex = 633 nm/λem = 645–700 nm for MitoTracker Deep Red;
λex = 405 nm/λem = 410–440 nm for Hoechst; and λex = 445 nm/
λem = 490–560 nm for LD-Blue. Images of merged fluorescence
were processed using ZEN 3.4 (blue edition). Graphs were gen-
erated using GraphPad Prism 8 and Origin 2019 software. All
cells analysed by confocal microscopy were seeded in 35 mm
glass-bottom cell culture dishes.

Synthesis of LD-Blue

To a flask containing 4-bromo-1,8-naphthalic anhydride (2.8 g)
in DMF (50 mL) were added 3,5-bis(trifluoromethyl)benzyla-
mine (2.4 g) and sodium carbonate (2 g). The mixture was
stirred at 50 °C for 4 h and then charged with N,N′-dimethyl
ethylenediamine (4.0 g). The mixture was further stirred at
70 °C for 8 h, concentrated and then extracted with EtOAc
(200 mL) against aqueous hydrochloride solution (1 M, 200 mL).

The organic layer was collected, desiccated with sodium sulfate
and then concentrated. The residue was dissolved in dichloro-
methane (50 mL). To the solution was added TEA (10 mL) and di-
tert-butyl bicarbonate (6 g). The solution was stirred at room
temperature for 2 h and then concentrated under reduced
pressure. The residue was purified by silica gel column chromato-
graphy using petroleum ether/ethyl acetate (PE/EA, 3 : 1 to 1 : 1)
as the eluent to give LD-Blue in 49% yield (3.0 g). 1H NMR
(500 MHz, CDCl3) δ (ppm) 8.57 (d, J = 7.23 Hz, 1H), 8.47 (dd, J =
18.07, 8.2 Hz, 2H), 8.00 (s, 1H), 7.75 (s, 1H), 7.66 (d, J = 7.88 Hz,
1H), 7.45 (t, J = 7.45 Hz, 1H), 7.17–7.09 (m, 1H), 5.43 (s, 2H), 3.55
(d, J = 17.7 Hz, 3H), 3.13 (d, J = 14.6 Hz, 3H), 2.65 (s, 1H), 2.33 (s,
1H), 1.46–1.35 (s, 9H). 13C NMR (126 MHz, CDCl3) δ (ppm)
164.46, 163.81, 140.10, 133.04, 132.03, 131.77, 131.62, 131.50,
131.24, 131.09, 130.32, 129.30, 129.00, 128.19, 126.55, 126.06,
125.72, 125.46, 125.27, 125.18, 124.38, 122.65, 122.21, 121.51,
121.48, 121.45, 121.42, 121.39, 115.30, 115.03, 114.86, 114.67,
79.74, 54.69, 54.14, 46.44, 46.17, 42.65, 42.23, 34.73, 34.58, 28.36.
19F NMR (565 MHz, CDCl3) δ (ppm) −62.70. MS (ESI):
C30H29F6N3O4Na

+ calculated: 632.549; found: 632.401.

Selectivity of LD-Blue for LDs

MEF cells were cultured in DMEM containing LD-Blue (2 μM,
1 h), referred to as LD-Blue+ cells. The cells were washed and
then incubated with Nile Red (2 μM, 1 h) or BODIPY 493/503
(2 μM, 1 h). The cells were washed three times with phosphate-
buffered saline (PBS), maintained in fresh DMEM and then
imaged by confocal microscopy.

MEF cells, Hep G2 cells, SH-SY5Y cells, HeLa cells, A549
cells, and MCF-7 cells were cultured for 1 h in DMEM contain-
ing LD-Blue (2 μM) and BODIPY 493/503 (2 μM). The resultant
cells were washed three times with PBS, maintained in DMEM
and imaged by confocal microscopy.

LD-Blue+ MEF cells were incubated with Hoechst (0.5 μg
mL−1, 0.5 h), LysoTracker Red (1 μM, 1 h), MitoTracker Deep
Red (0.15 μM, 15 min), ER-Tracker Red (1 μM, 1 h) and Golgi-
Tracker Red (1 μM, 1 h), respectively. The cells were washed
three times with PBS, maintained in DMEM, and then imaged
by confocal microscopy.

HeLa cells expressing LAMP2-GFP (Lyso-GFP), TOMM20-
RFP (Mito-RFP), SS-RFP (ER-RFP), and TMEM165-RFP
(GA-RFP) were stained with LD-Blue (2 μM, 1 h), washed three
times with PBS, maintained in DMEM and then imaged by
confocal microscopy.

Tracking oleic acid-promoted LD biosynthesis with LD-Blue

MEF cells, SH-SY5Y cells, HeLa cells, and MCF-7 cells were
independently cultured in DMEM supplemented with oleic
acid (200 μM, 12 h). These cells were further cultured with
LD-Blue (2 μM, 1 h) or BODIPY 493/503 (2 μM, 1 h). The cells
were washed three times with PBS, maintained in fresh
DMEM, and then imaged by confocal microscopy.

Photostability of LD-Blue

LD-Blue was dissolved in PBS (10 mM, pH 7.5) containing
dimethyl sulfoxide (DMSO, 30%, v/v) to a final concentration of

Scheme 1 Schematic for lipophagy detection with LD-Blue. Lipophagy
leads to delivery of LD-Blue-trapped LDs into lysosomes. Thus, the level
of overlap/co-localization of fluorescence signals of LD-Blue and
LysoTracker Red serves as the index of lipophagy. Attenuation of
LD-Blue signals following co-localization due to degradation of LDs
serves as another corroborative readout for lipophagy.
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2 μM. The solution was continuously irradiated under λex =
410 nm for 1 h, with fluorescence intensity recorded at 10 min
intervals.

LD-Blue+ MEF cells were subjected to confocal microscopy
under continuous 450 nm excitation for 1 h. Z-Stack images
were acquired at 10 min intervals (0–60 min) for fluorescence
decay analysis.

Cytotoxicity of LD-Blue

MEF cells were incubated with LD-Blue (0 μM, 1 μM, 2 μM,
5 μM, 10 μM) for varied periods of time (0 h, 24 h, or 48 h).
The cells were washed three times with PBS, and then main-
tained in fresh DMEM. Cell cytotoxicity was measured with a
CCK-8 kit according to the manufacturer’s guidelines.

Effects of cell fixation on staining LDs with LD-Blue

MEF cells pre-stained with LD-Blue or BODIPY 493/503 were
fixed with 4% paraformaldehyde (PFA). In parallel, MEF cells
were first fixed with 4% PFA and then stained with LD-Blue
(2 μM, 1 h) or BODIPY 493/503 (2 μM, 1 h) in DMEM. All cell
samples were subjected to confocal microscopy for fluo-
rescence imaging analysis.

LD formation in HBSS-treated cells revealed by LD-Blue

MCF-7 cells were maintained in HBSS for 0 h (control) or 6 h,
and then stained with LD-Blue (2 μM, 1 h). The cells were
washed three times with PBS, maintained in DMEM and then
immediately imaged by confocal laser microscopy.

Imaging lipophagy with LD-Blue

Starvation-induced lipophagy. MEF cells, HeLa cells and
SH-SY5Y cells were cultured with LysoTracker Red (1 μM, 1 h)
and LD-Blue (2 μM, 1 h). The cells, referred to as LysoTracker
Red+/LD-Blue+ cells, were maintained for 24 h in serum-free
DMEM, in HBSS, or in DMEM (control). The cells were ana-
lyzed by confocal microscopy.

Inhibition of lipophagy. LysoTracker Red+/LD-Blue+ MEF
cells were cultured for 24 h in serum-free DMEM spiked with
Bafilomycin A1 (Baf-A1, 25 nM), chloroquine (CQ, 10 μM) or
with no addition. Cells were subsequently analyzed by confocal
laser microscopy.

Effects of pharmocological agents on lipophagy. LysoTracker
Red+/LD-Blue+ MEF cells were maintained for 24 h in DMEM con-
taining the following compounds (10 μM): thapsigargin, tunica-
mycin, rotenone, CCCP, nigericin, monensin, etoposide, or rapa-
mycin, respectively. Cells were washed three times with PBS, main-
tained in fresh DMEM and then imaged by confocal microscopy.

Time-course study of lipophagy induced by monensin.
LD-Blue+ MEF cells were maintained in serum-free DMEM or
DMEM spiked with monensin (10 μM) for 1 h, 6 h, 12 h or
24 h. The cells were stained with LysoTracker Red (1 μM, 1 h)
and then analyzed by confocal laser microscopy.

Decrease of LDs upon lipophagy

MEF cells were maintained in serum-free DMEM or DMEM
spiked with monensin (10 μM) for 24 h and then stained with

LD-Blue (2 μM, 1 h). Cells were analyzed by confocal laser
microscopy for levels of LDs.

Results and discussion
Synthesis and characterization of LD-Blue

We first syntheszied LD-Blue via a three-step procedure
(Fig. 1A). Titration showed that LD-Blue exhibited green fluo-
rescence that increased dramatically in a nonpolar medium
(dioxane) (Fig. 1B and C), suggesting its utility for fluorogenic
staining of hydrophobic LDs.

Selectivity of LD-Blue for LDs

We first examined probe specificity for LDs by co-culturing
MEF cells with LD-Blue and commercial probes for LDs
(BODIPY 493/503 or Nile Red; Fig. 2A). We observed discrete
punctate blue-fluorescent structures where these punctate dots
are co-stained with BODIPY 493/503 or Nile Red (Fig. 2B). Both
commercial probes exhibit obvious background fluorescence,
whereas LD-Blue produced no detectable signals outside LDs
(Fig. 2B and C), demonstrating the selectivity of LD-Blue for
LDs. We further incubated LD-Blue with MEF, Hep G2,
SH-SY5Y, HeLa, A549 and MCF-7 cells using BODIPY 493/503
as the control. Confocal microscopy analysis revealed that
LD-Blue effectively labeled LDs in all tested cell lines with
minimal nonspecific staining (Fig. 3A and B). In addition, we
observed varied fluorescence intensity levels in a cell-type
dependent manner (Fig. 3A), reflecting varied LD abundance
in these cell lines.

To further verify the specificity of LD-Blue, we co-stained
MEF cells with LD-Blue and different organelle markers
including Hoechst (nucleus), LysoTracker Red (lysosomes),
MitoTracker Deep Red (mitochondria), ER-Tracker Red (endo-
plasmic reticulum), and Golgi-Tracker Red (Golgi apparatus).
Confocal microscopy analysis revealed no detectable overlap
between LD-Blue and all the organelle markers examined

Fig. 1 Optical properties of LD-Blue. (A) Synthetic route for LD-Blue.
Polarity-related fluorescence emission of LD-Blue. LD-Blue was added
to phosphate buffered saline (PBS, 10 mM, pH 7.5) containing 30–100%
dioxane to a final concentration of 10 μM. These aqueous samples were
analysed for UV-vis absorbance (B) and fluorescence emission (C) using
λex = 410 nm.
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(Fig. 4A). This pattern was also observed in HeLa cells expres-
sing fluorescent protein-tagged organelle markers: LAMP2-GFP
for lysosomes (referred to as Lyso-GFP), TOMM20-RFP, specific
for mitochondria (referred to as Mito-RFP), SS-RFP for endo-
plasmic reticulum (referred to as ER-RFP), and TMEM165-RFP
for Golgi apparatus (GA-RFP) (Fig. 4B). Taken together, these
results show stringent specificity of LD-Blue for LDs over other

organelles and the applicability of LD-Blue to diverse cell
lines.

Since LD-Blue is non-fluorescent in aqueous media but
fluorogenic within LDs (Fig. 1–5), we next assessed LD-Blue for

Fig. 2 Stringent selectivity of LD-Blue for LDs. (A) Chemical structure
of BODIPY 493/503 and Nile Red. (B) Selectivity of LD-Blue for LDs as
compared to commercial LD-probes. MEF cells were stained with
LD-Blue (2 μM, 1 h) and then with Nile Red (2 μM, 1 h) or BODIPY 493/
503 (2 μM, 1 h) at 37 °C. The cells were washed with PBS three times and
then visualized by confocal microscopy. (C) Enlarged images of LDs
stained with LD-Blue over commercial probes. The white arrows indicate
non-specific signals of the commercial probes. Scale bars: 10 μm.

Fig. 3 Applicability of LD-Blue for LD staining in different cell lines.
MEF, Hep G2, SH-SY5Y, HeLa, A549, and MCF-7 cells were stained with
(A) LD-Blue (2 μM, 1 h) or (B) BODIPY 493/503 (2 μM, 1 h), respectively.
The cells were washed three times with PBS, then maintained in fresh
DMEM and imaged by confocal microscopy. Scale bars: 10 μm.

Fig. 4 Selectivity of LD-Blue for LDs over other organelles. (A)
LD-Blue+ MEF cells were stained with Hoechst (0.5 μg mL−1, 0.5 h),
LysoTracker Red (1 μM, 1 h), MitoTracker-Deep Red (MTDR, 0.15 μM,
15 min), ER-Tracker Red (1 μM, 1) or Golgi-Tracker Red (1 μM, 1 h). The
cells were washed three times with PBS and then maintained in fresh
DMEM prior to confocal microscopy analysis. (B) HeLa cells expressing
different organelle-specific fluorescent proteins were stained with
LD-Blue (2 μM, 1 h), washed three times with PBS, maintained in fresh
DMEM and then imaged by confocal microscopy. Scale bars: 10 μm.
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tracking dynamic changes of LD levels by treating MEF,
SH-SY5Y, HeLa and MCF-7 cells with oleic acid (OA).14 OA
could activate the long-chain fatty acid receptor FFAR4,
leading to significant increases in cellular LDs.14a Cell analysis
revealed marked enhancement of LD-Blue-positive dots in OA-
treated cell lines but not control cell lines free of OA treatment
(Fig. 5A–D). OA-induced LD formation was also confirmed by
BODIPY 493/503 (Fig. S1A–D, SI). Collectively, these findings
demonstrate the capability of LD-Blue to detect dynamic
changes of metabolism in LDs. The serendipitous discovery
that LD-Blue is highly selective for LDs, unlike previously
reported 1,8-naphthalimide-derived LD probes lacking a tri-
fluoromethyl group, indicates that the –CF3 substituent
imparts a unique property that favors probe partitioning into
hydrophobic LDs.

Imaging of lipophagy using LD-Blue

Prior to lipophagy analysis, LD-Blue was assessed for its bio-
compatibility. We identified negligible cytotoxicity in MEF
cells treated with LD-Blue up to 10 μM for 48 h (SI, Fig. S2A).
In addition, no significant decrease in fluorescence intensity
was observed after continuous excitation of LD-Blue for 1 h
either in vitro or in live cells (SI, Fig. S2B and C), showing
excellent photostability. This is beneficial for real-time bio-
imaging. Lastly, LD-Blue could stain LDs in cells pre-fixed with
paraformaldehyde; additionally, it is well retained in LDs after
cell fixation (SI, Fig. S2D and E). These advantages of LD-Blue
demonstrate that it is capable of staining LDs both in live cells
and fixed cells.

Complete nutrient deprivation such as HBSS treatment pro-
motes autophagy of mitochondria,15 Golgi apparatus,16 and
endoplasmic reticulum.17 However, it has been reported that
acute nutrient stress (HBSS treatment) did not induce lipo-
phagy, whereas milder conditions such as serum-free star-
vation significantly triggers lipophagy.18 Surprisingly lipo-
phagy induced by HBSS treatment has also been reported
using synthetic chemical probe-based assays.13a,b Given this

discrepancy, we applied LD Blue to the investigation of lipo-
phagy under both starvation conditions.

LD-Blue+/LysoTracker Red+ cells were maintained in HBSS
or serum-free DMEM. Confocal microscopy imaging showed
that cells starved in serum-free DMEM exhibited massive
LD-Blue signals that co-localized with LysoTracker Red with a
Pearson’s correlation coefficient (PCC) of 0.91 (Fig. 6B),
showing delivery of LDs into lysosomes, a hallmark of lipo-
phagy. Moreover, the level of co-localization increases in a
time-dependent manner (SI, Fig. 7), consistent with accumu-
lation of LDs within lysosomes in lipophagy. Meanwhile, the
overall fluorescence level of LD-Blue in serum-starved MEF
cells is significantly reduced (SI, Fig. S3), reflecting degra-
dation of LDs, another hallmark of lipophagy. Importantly, no
enhanced co-localization of LD-Blue with LysoTracker Red was
identified in cells starved in HBSS (PCC = 0.30) relative to non-
starved control cells (PCC = 0.37) (Fig. 6B), showing that HBSS
is incapable of inducing lipophagy. This pattern was also
observed in HeLa and SH-SY5Y cells (SI, Fig. S4), reinforcing
that serum starvation rather than complete nutrient depri-
vation triggers lipophagy. Our findings are consistent with
prior report on lipophagy induced by serum starvation, but not
acute nutrient stress.18 Moreover, we observed higher levels of
LDs outside of lysosomes in HBSS-treated MCF-7 cells (SI,
Fig. S5). As MCF-7 cells exhibit inherently low abundance of
LDs, the enhanced populations of LDs that are observed indi-
cate that acute nutrient starvation does not trigger lipophagic

Fig. 6 Detection of lipophagy with LD-Blue. (A) Scheme of overlap co-
efficiency-based lipophagy detection with LD-Blue and LysoTracker
Red. (B) Lipophagy induced by serum starvation and biosynthesis of LDs
induced by starvation in HBSS. LD-Blue+ MEF cells were subjected to
either serum starvation or HBSS treatment, and then imaged by confocal
microscopy. Scale bar: 10 μm.

Fig. 5 Tracking LD biosynthesis in OA-treated cells by LD-Blue. MEF
cells, SH-SY5Y cells, HeLa cells, and MCF-7 cells were cultured with OA
(200 μM, 12 h) and then stained with LD-Blue (2 μM, 1 h). The cells were
washed three times with PBS, maintained in fresh DMEM, and then
imaged by confocal microscopy. Scale bar: 10 μm.
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flux but instead stimulates LD biogenesis. This is consistent
with a prior report on HBSS-promoted LD biogenesis.18

During initiation of lipophagy, LD-specific protein PLIN2 is
degraded via the chaperone-mediated autophagy (CMA)
pathway.12a Consequently, the autophagic status of LDs can be
assessed by monitoring changes in PLIN2 protein levels. We
observed a marked reduction of PLIN2 in serum-deprived
cells, whereas acute nutrient deprivation triggered a sharp
increase in PLIN2 abundance (SI, Fig. S6), validating the occur-
rence of lipophagy in LD-Blue+ cells subjected to mild star-
vation but not HBSS treatment.

To further prove the selectivity of the LD-Blue-based co-
localization assay for lipophagy, we treated serum-starved cells
with Baf-A1 that blocks autophagy by inhibiting fusion of lyso-
somes with autophagosomes but also inhibits V-ATPase to
neutralize lysosomes.19 Baf-A1 treatment caused dissipation of
acidotropic LysoTracker due to loss of lysosomal acidity where
LD-Blue signals were largely unaffected (SI, Fig. S7). As lipo-
phagy leads to degradation of LDs, the retention of LD-Blue
signals reflects lipophagy inhibition by Baf-A1. Chloroquine
(CQ) inhibits autophagy by preventing binding of autophago-
somes to lysosomes.20 We observed massive LD-Blue signals
from LDs outside lysosomes (SI, Fig. S7), in line with inhibited
lipophagy by CQ. Together, these data validate the fidelity of
the LD-Blue assay for lipophagy.

Identification of lipophagy inducers with LD-Blue

Mitophagy induces transformation of brown adipocytes into
white adipocytes.21 Mitochondrial oxidative phosphorylation
promotes endoplasmic reticulum autophagy.22 These studies
inspired us to examine known organelle stressors for their
capability to induce lipophagy. Therefore, LysoTracker Red+/

LD-Blue+ MEF cells were treated with endoplasmic reticulum
stressors (thapsigargin, tunicamycin), mitochondrial stressors
(rotenone, CCCP), Golgi apparatus stressors (nigericin, monen-
sin), and general autophagy inducers (etoposide, rapamycin)
and then imaged by confocal microscopy. This revealed that
monensin caused the most robust lipophagy (PCC = 0.87) that
increased in a time-dependent manner (Fig. 8 and SI, Fig. S8).
Consistent with the enhanced overlap co-efficient, the overall
fluorescence of LD-Blue in serum-deprived MEF cells is signifi-
cantly reduced (SI, Fig. S9), indicating degradation of LDs by
lipophagy. Moreover, monensin-treated cells exhibited a sig-
nificant decrease in PLIN2 levels (SI, Fig. S6), further confirm-
ing the occurrence of lipophagy. Overall, our results showed
that monensin is an effective inducer of lipophagy.

Fig. 7 Time-course study on the levels of LDs and lysosome–LD co-
localization in serum-deprived MEF cells. LD-Blue+ MEF cells were
maintained in serum-deprived DMEM or complete DMEM for 1, 6, 12
and 24 h, respectively, and then stained with LysoTracker Red (1 μM, 1 h).
Cells were analyzed by confocal laser microscopy.

Fig. 8 Identification of monensin as a lipophagy inducer by LD-Blue.
LysoTracker Red+/LD-Blue+ MEF cells were treated with each of the fol-
lowing compounds (10 μM, 24 h): thapsigargin, tunicamycin, rotenone,
CCCP, nigericin, monensin, etoposide and rapamycin. Cells were
washed three times with PBS prior to confocal microscopic analysis.
Scale bar: 10 μm.
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Conclusion

Given the causal role of lipophagy in several diseases and the
current lack of specific imaging probes, we herein disclose
LD-Blue as a suitable tool for the detection of dynamic LD levels
and lipophagy by monitoring increased fluorescence overlap co-
efficiency between LD-Blue and lysosomal markers, as well as the
attenuation of LD-Blue signals resulting from LD degradation.
The latter provides a corroborative indicator of lipophagy. The
fidelity of the LD-Blue-based co-localization assay for lipophagy
was validated by detecting lipophagy triggered by mild starvation,
but not acute nutrient deprivation, and by demonstrating inhi-
bition of lipophagy by Baf-A1 and chloroquine. Using this
method, monensin was identified as a potent inducer of lipo-
phagy, offering a new perspective for modulating lipid metab-
olism in diseases such as obesity and fatty liver disease. In
summary, LD-Blue provides an effective tool to study dynamic for-
mation of lipid droplets and lipophagy in metabolic lipid dis-
orders and to evaluate lipophagy-targeted therapeutic agents.
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