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Background-—Compromised lipophagy with unknown mechanisms may be critically involved in the intracellular accumulation of
lipids, contributing to elevated atherosclerosis and liver steatosis. We hypothesize that toll-interacting protein (Tollip), a key innate
immune molecule involved in the fusion of autolysosome, may play a significant role in lipophagy and modulate lipid accumulation
during the pathogenesis of atherosclerosis and liver steatosis.

Methods and Results-—By comparing mice fed with either a Western high-fat diet or a regular chow diet, we observed that both
atherosclerosis and liver steatosis were aggravated in apolipoprotein E–deficient (ApoE�/�)/Tollip�/� mice as compared with
ApoE�/� mice. Through electron microscopy analyses, we observed compromised fusion of lipid droplets with lysosomes within
aortic macrophages as well as liver hepatocytes from ApoE�/�/Tollip�/� mice as compared with ApoE�/� mice. As a molecular
indicator for disrupted lysosome fusion, the levels of p62 were significantly elevated in aortic and liver tissues from ApoE�/�/
Tollip�/� mice. Molecules involved in facilitating lipophagy completion such as Ras-related protein 7 and gamma-aminobutyric acid
receptor-associated protein were reduced in ApoE�/�/Tollip�/� mice as compared with ApoE�/� mice. Intriguingly, ApoE�/�/
Tollip�/� mice had reduced circulating levels of inflammatory cytokines such as tumor necrosis factor-a and increased levels of
transforming growth factor-b. The reduced inflammation due to Tollip deficiency is consistent with a stable atherosclerotic plaque
phenotype with increased levels of plaque collagen and smooth muscle cells in ApoE�/�/Tollip�/� mice.

Conclusions-—Tollip deficiency selectively leads to enlarged yet stable atherosclerotic plaques, increased circulating lipids, liver
steatosis, and reduced inflammation. Compromised lipophagy and reduced expression of inflammatory mediators due to Tollip
deficiency may be the underlying causes. Our data suggest that lipid accumulation and inflammation may be intertwined yet
independent processes during the progression of atherosclerosis and steatosis. ( J Am Heart Assoc. 2017;6:e004078. DOI: 10.
1161/JAHA.116.004078.)
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A therosclerosis and hepatic steatosis are closely associ-
ated chronic diseases with significant health concerns

worldwide.1 Recent studies suggest that defective clearance
of cellular lipids within tissues due to a compromised
lipophagy pathway may play a highly important role for the

development of liver steatosis and atherosclerosis.2 Through
effective lipophagy, triglyceride (TG) and cholesterol are taken
up by autophagosomes and delivered to lysosomes for
degradation.2,3 Free fatty acids generated by lipophagy from
TG degradation fuel cellular respiration through mitochondrial
b-oxidation. Lipophagy therefore functions to modulate intra-
cellular lipid storage, cellular levels of free lipids, and energy
homeostasis. Intracellular lipids themselves may regulate
autophagy by unclear mechanisms. Impaired lipophagy may
lead to excessive tissue lipid accumulation such as hepatic
steatosis and atherosclerosis.2,4 However, cellular and molec-
ular mechanisms responsible for the modulation of lipophagy
are not well understood.

Toll-interacting protein (Tollip) is a unique signaling protein
involved in the modulation of innate immunity and inflamma-
tory processes.5 Tollip contains a protein kinase C conserved
region 2 domain in the central region that serves to anchor
Tollip to endosomes and lysosomes.6,7 Tollip also contains a
coupling of ubiquitin to endoplasmic reticulum degradation
domain in the C terminus and functions as an interaction

From the Department of Biological Sciences, Virginia Polytechnic Institute and
State University, Blacksburg, VA.

Accompanying Figures S1 through S4 are available at http://jaha.ahajournals.
org/content/6/4/e004078/DC1/embed/inline-supplementary-material-1.
pdf

*Dr Chen, Dr Yuan, Dr Zhang, and Dr Geng contributed equally to this work.

Correspondence to: Liwu Li, PhD, Department of Biological Sciences,
Virginia Polytechnic Institute and State University, Life Science 1 Building,
Washington Street, Blacksburg, VA 24061. E-mail: lwli@vt.edu

Received September 22, 2016; accepted March 10, 2017.

ª 2017 The Authors. Published on behalf of the American Heart Association,
Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use
and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

DOI: 10.1161/JAHA.116.004078 Journal of the American Heart Association 1

ORIGINAL RESEARCH

info:doi/10.1161/JAHA.116.004078
info:doi/10.1161/JAHA.116.004078
http://jaha.ahajournals.org/content/6/4/e004078/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/6/4/e004078/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/6/4/e004078/DC1/embed/inline-supplementary-material-1.pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


motif for ubiquitinated proteins.8 The N terminus of Tollip
contains a Tom1-binding domain involved in the interaction
with Tom1,9 through which Tollip may recruit clathrin onto the
sorting endosomes. Potentially through its protein kinase C
conserved region 2 domain, Tollip is required for the proper
fusion of lysosome with autophagosome.7,10 The involve-
ments of Tollip during inflammatory processes are complex
and highly context dependent. Under acute and strong
inflammatory stress, Tollip may impair nuclear factor jB
(NFjB) and serves to dampen excessive inflammatory reac-
tions.11,12 On the other hand, upon chronic low-grade
inflammatory challenges where NFjB may not be potently
induced, Tollip can serve as a positive regulator of low-grade
inflammation through the induction of mitochondria reactive
oxygen species.13 However, the potential role of Tollip in the
process of lipophagy has not been explored.

Based on these studies, we hereby tested the hypothesis
that Tollip may be critically involved in the process of
lipophagy, and the lack of Tollip may compromise the proper
clearance of intracellular lipids, thus contributing to the
formation of lipid-laden cells in vital tissues and the devel-
opment of steatosis and atherosclerosis. Employing the
animal models of apolipoprotein E–deficient (ApoE�/�) and
ApoE�/�/Tollip�/� mice, we examined the pathologies of
liver steatosis and atherosclerosis as well as the underlying
mechanisms.

Materials and Methods

Mice
ApoE�/� and ApoE�/�/Tollip�/� mice were bred and
maintained in the animal facility at Virginia Tech with the
approved Institutional Animal Care and Use Committee
protocol. Male mice were 8 to 9 weeks of age when the
experiments were initiated. Mice were fed with either a
normal diet (chow) or a Western high-fat diet (HFD; Harlan
Teklad 88137) for 8 weeks. Mice were properly anesthetized
and euthanized in accordance with the approved animal
protocol before tissue harvest and analyses.

Regents
The HFD was purchased from Harlan Laboratories, Inc
(Dublin, VA). Oil-Red-O staining kit was from Newcomer
Supply (Middleton, WI). Trichrome Stain (Masson) Kit and
Cholesterol Quantitation Kit were from Sigma-Aldrich (Louis,
MO). Triglyceride Quantification Colorimetric/Fluorometric Kit
and Alanine Aminotransferase (ALT or SGPT) Activity Colori-
metric/Fluorometric Assay Kit were from BioVision Incorpo-
rated (Milpitas, CA). Mouse LIPA/Lysosomal Acid Lipase
Sandwich ELISA Kit was purchased from LSBio Lifespan

BioSciences, Inc (Seattle, WA). Mouse tumor necrosis factor-a
(TNF-a) ELISA Kit, interleukin (IL)–6 ELISA, IL-1 beta ELISA Kit,
MCPT-1 (mMCP-1) ELISA Kit, and human/mouse transforming
growth factor-b (TGF-b) 1 ELISA Kit were purchased from
eBioscience (San Diego, CA). Anti-mouse alpha smooth
muscle actin (MSC), anti-mouse F4/80 and anti-SQSTM1/
62 antibodies were from Abcam (Cambridge, MA). The anti-
mouse Ly6G, anti-mouse Ly6C, anti-mouse CD11b, anti-
mouse C-X-C motif chemokine receptor 2, and anti-mouse
TNF-a were from BioLegend (San Diego, CA). Anti-mouse
IL12p40 and anti-mouse Gr-1 antibody was from eBioscience
(San Diego, CA).

Histology
Parts of liver tissues were fixed in neutrally buffered formalin
(10%) and embedded in paraffin. Paraffin-embedded tissues
were sectioned (5 lm) and stained with hematoxylin and
eosin. Parts of liver tissues and aorta roots were performed on
freshly frozen, optimal cutting temperature compound–em-
bedded tissues of liver and aorta and used for generating
frozen sections (10 lm). Slides were fixed in 4% neutral
buffered formalin for 5 minutes. For immunohistology, frozen,
optimal cutting temperature compound–embedded proximal
aortic sections were fixed in 4% neutrally buffered formalin for
5 minutes and stained with Masson staining according to the
manufacture’s instruction. For smooth muscle cell staining,
the sections were stained with an anti-SMC Ab followed by a
biotinylated anti-Ig secondary Ab and streptavidin-HRP/DAB
with hematoxylin counter staining.

Immunofluorescence
Immunofluorescence analyses were performed on freshly
frozen, optimal cutting temperature compound–embedded
tissues. Slides were fixed in 4% neutrally buffered formalin for
5 minutes, and subsequently stained with anti-mouse primary
antibodies (anti mouse Gr-1, F4/80, P62 antibodies) followed
by a biotinylated anti-Ig secondary antibody and Streptavidin-
PE or fluorescein isothiocyanate. DAPI was used to stain the
nucleus.

Transmission Electron Microscopy
Tissues (1 mm3) were fixed in 2.5% glutaraldehyde in
100 mmol/L sodium cacodylate, pH7.4, and postfixed in 1%
osmium tetroxide followed by 1% uranyl acetate. After ethanol
dehydration, the tissues were embedded in LX112 resin
(LADD Research Industries). Ultrathin sections were stained
with uranyl acetate followed by lead citrate. All grids were
viewed on a JEOL 100CX II transmission electron microscope
at 80 kV.
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ELISA of Cytokines and Chemokines
The levels of plasma TNF-a, IL-6, IL-1b, TGF-b, and C-C motif
chemokine ligand 2 were determined with ELISA Kit according
to the manufacturer’s instruction.

Flow Cytometry
Splenic cells were separated as previously described.14

Briefly, single-cell suspensions were prepared from spleens.
Prior to intracellular staining for cytokines, cells were cultured

Figure 1. Toll-interacting protein (Tollip) deficiency promotes the development of stable atheroscle-
rotic plaques. A and B, Apolipoprotein E–deficient (ApoE�/�) and ApoE�/�/Tollip�/� mice (male,
8 weeks old) were fed with a high-fat diet for an additional 8 weeks. A, Representative hematoxylin
and eosin (H&E) staining images within the aortic roots of ApoE�/� and ApoE�/�/Tollip�/� mice. B,
Representative Oil-Red-O staining images within the aortic roots. C, Quantification of Oil-Red-O
staining–positive area (mm2) of aortic roots. D, Relative ratios of Oil-Red-O–positive areas over total
plaque areas. E, Representative smooth muscle cell (SMC) staining of aorta areas from ApoE�/� and
ApoE�/�/Tollip�/� mice. F, Representative Masson staining of aorta areas from ApoE�/� and ApoE�/

�/Tollip�/� mice. Error bars represent SEM. *P<0.05; **P<0.01; ***P<0.001. Mann–Whitney U test.
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in vitro for 4 hours in RPMI-completed medium with GolgiStop
(BD Biosciences, San Jose, CA). Then, cells were fixed after
surface marker staining, permeabilized, and stained with anti–
TNF-a and anti–IL-12, according to the manufacturer’s
instructions (BD Biosciences). Samples were analyzed with a
FACSCanto II (BD Biosciences). Fluorescence-activated cell
sorter plots shown were analyzed with FlowJo (Ashland, OR).

Real-Time Polymerase Chain Reaction
RNA was extracted using RNeasy Mini Kit (QIAGEN), and
1.5 lg of RNA was reverse-transcribed using a High-Capacity
cDNA Reverse Transcription Kit (ThermoFisher Scientific
4368813). Real-time polymerase chain reaction was per-
formed on a Bio-Rad CFX96 machine using SsoAdvanced
Universal SYBR Green Supermix (Bio-Rad 1725271). Primers
for mouse GAPDH (F 50-AACTTTGGCATTGTGGAAGGGCTC, R
50-TGGAAGAGTGGGAGTTGCTGTTGA), autophagocytosis-asso-
ciated protein 3 (F 50-TGTCTCTCCCTACTCCATTC, R 50-TGG
CATACAGTTAGCACTTC), gamma-aminobutyric acid receptor-
associated protein (F 50-GAAAGCGTCTATGGTCTGTG, R 50-TGA
AGGAGGAACTGGATGT), autophagy-related 9a (F 50-GGCTC
TCTTATCACCATCCT, R 50-GAAGGAGTGGATCTCCCAATA),
autophagy-related protein 12 (F 50-GAGAGATTGACGTTAGAG
TGTG, R 50-GAGACCTGCAATCCACATAC), and Ras-related
protein 7 (F 50-GGACTCTGGTGTTGGAAAG, R 50-CAGAAAGT
CCGCTCCTATTG) were purchased from Integrated DNA Tech-
nologies, Inc (Coralville, IA). Readouts were analyzed by the
DDCQ method.

Immunoblotting
Tissues (�100 mg) were harvested, immediately soaked in
liquid nitrogen, and smashed into powder. Tissue powder was
dissolved with sodium dodecyl sulfate lysis buffer containing
the protease inhibitor mixture, and subjected to SDS-PAGE.
The protein bands were transferred onto an Immuno-Blot
PVDF membrane (Bio-Rad). Western blot analyses were
performed with the specified antibodies as previously
described.7

Statistical Analysis
All experiments were performed at least 3 times. Represen-
tative and reproducible results were shown. Statistical
analysis was performed with Prism software (GraphPad
Software, La Jolla, CA). Values were expressed as mean-
s�SEM. Student t test was used for parametric analyses
between the 2 groups. For nonparametric analyses between
the 2 groups, the significance of the differences was assessed
by Mann–Whitney U test. P<0.05 was considered statistically
significant.

Results

Tollip Deficiency Promotes the Development of
Atherosclerosis
We used the well-established ApoE�/� mouse model for the
systems analyses of atherosclerosis. Following 2 months of
feeding with an HFD, compared with ApoE�/� mice, ApoE�/

�/Tollip�/� mice developed aggravated atherosclerosis as
measured by hematoxylin and eosin staining of the aorta area
(Figure 1A and 1B). In addition, we observed increased lipid
deposition within the atherosclerotic lesion areas of ApoE�/

�/Tollip�/� mice as compared with ApoE�/� mice, as
measured by the Oil-Red-O staining within the cross sections
of the aorta (Figure 1C through 1E). We further examined the
composition of aortic plaques through staining for smooth
muscle cells and collagen content. Through immunohisto-
chemical staining analyses of smooth muscle actin, we
observed elevated levels of smooth muscle cells within the
plaques in the aorta of ApoE�/�/Tollip�/� mice as compared
with ApoE�/�/mice (Figure 1F). We also noted an increase in
the collagen content as measured through Masson staining
within the aorta of ApoE�/�/Tollip�/� mice as compared
with ApoE�/�/mice (Figure 1F). Our results suggest that
although Tollip deficiency may give rise to enlarged aortic
plaques with increased lipid deposition, the formed plaques
are more stable with increased collagen and smooth muscle

Figure 2. Toll-interacting protein (Tollip) deficiency results in
the disruption of lipophagy in aorta. Apolipoprotein E–deficient
(ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old)
were fed with a high-fat diet for an additional 8 weeks. A,
Representative transmission electron microscopy (TEM) images of
aortic sections from Apo�/� mice and ApoE�/�/Tollip�/� mice.
B, Representative TEM images that demonstrate the lack of
lysosome fusion with lipid droplets within aortic sections from
ApoE�/�/Tollip�/� mice. LD indicates lipid droplet; Ly, lysosome.

DOI: 10.1161/JAHA.116.004078 Journal of the American Heart Association 4

Tollip Mediates Lipophagy Chen et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



cells. Enlarged atherosclerotic plaques were similarly
observed in ApoE�/�/Tollip�/� mice as compared with
ApoE�/� mice fed with regular chow (Figure S1).

Tollip Deficiency Results in the Disruption of
Lipophagy in the Aorta
Mechanistically, studies from our laboratory and others reveal
that Tollip is critically involved in the completion of lysosome
fusion with autophagosome.7,10 Since the proper fusion of
lysosome with autophagosome also plays a key role during
the lipophagy process, we tested the hypothesis that
increased lipid deposition due to Tollip deficiency may be
due to defective lipophagy.

To test this, we performed transmission electron micro-
scopy analyses of aorta tissues from ApoE�/� mice and
ApoE�/�/Tollip�/� mice fed with an HFD. Consistent with
the conclusion drawn through the Oil-Red-O staining, we
observed higher numbers of lipid droplets within aortic cells
from ApoE�/�/Tollip�/� mice as compared with ApoE�/�

mice (Figure 2A). The process of lysosome fusion with lipid
droplet could be readily seen in aorta tissues from ApoE�/�

mice but was absent within the aorta cells from ApoE�/�/
Tollip�/� mice (Figure 2B).

At themolecular level, the disruption of lysosome fusion with
autophagosomes and/or lipid droplets was associated with the
elevated levels of p62.15 Thus, we subsequently stained for p62
levels within the aorta from ApoE�/� and ApoE�/�/Tollip�/�

mice. We observed significantly elevated levels of p62 within
plaque macrophages from ApoE�/�/Tollip�/� mice as com-
pared with ApoE�/� mice (Figure 3A and 3B), further support-
ing the notion that lysosome fusion was disrupted in the aorta
macrophages due to Tollip deficiency. The overall numbers of
aortic macrophages within the plaque areas of ApoE�/�/
Tollip�/� mice were not significantly elevated as compared
with ApoE�/� mice (Figure S2). Together, our data reveal that
the disruption of Tollip contributes to reduced levels of
lysosome fusion, elevated accumulation of p62, and enhanced
lipid deposition within aorta macrophages.

Tollip Deficiency Exacerbates Liver Steatosis
Next, we examined the liver pathology of ApoE�/�/Tollip�/�

mice. Oil-Red-O staining revealed a significant elevation of

Figure 3. Toll-interacting protein (Tollip) deficiency results in compromised lysosome fusion within aorta.
Apolipoprotein E–deficient (ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a
high-fat diet for an additional 8 weeks. A, Representative images of p62 staining within plaque
macrophages. B, Quantification of p62-positive macrophages within aorta sections. Error bars represent
SEM. *P<0.05. Mann–Whitney U test.
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lipid droplets within hepatocytes from Tollip�/�/ApoE�/�

mice as compared with ApoE�/� mice (Figure 4A). Hema-
toxylin and eosin staining analyses also revealed fatty
degeneration of hepatocytes, without apparent fibrosis (Fig-
ure 4B). The plasma lipid levels were also significantly

elevated in ApoE�/�/Tollip�/� mice as compared with
ApoE�/� mice (Figure S3).

Through the transmission electron microscopy analyses,
we further confirmed that the numbers of lipid droplets within
individual liver hepatocytes of ApoE�/�/Tollip�/� mice were

Figure 4. Toll-interacting protein (Tollip) deficiency promotes liver steatosis. Apolipoprotein E–deficient
(ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a high-fat diet for an additional
8 weeks. A, Representative Oil-Red-O staining images of liver sections. B, Representative hematoxylin and
eosin staining images of liver sections. C, Representative transmission electron microscopy (TEM) images.
D, Western blot analyses of liver lipoprotein lipase (LPL) protein levels. E, Immunohistochemical staining of
neutrophils. Error bars represent SEM. ***P<0.001. Mann–Whitney U test.
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higher than that of ApoE�/� mice (Figure 4C). Our data reveal
that Tollip deficiency also contributes to excessive lipid
accumulation in liver tissues. Lipoprotein lipase (LPL) is the
key enzyme responsible for the modulation of circulating lipid
levels, and a decrease in LPL activity was shown to be
responsible for many cases of hyperlipidemia.16 We then
tested the levels of LPL by Western blot analyses, and
observed a significant increase of LPL protein levels in the
liver tissues of ApoE�/�/Tollip�/� as compared with ApoE�/

� mice fed with an HFD (Figure 4D).

Since Tollip deficiency caused an elevation of plasma lipid
as well as liver lipid deposition, we next tested whether Tollip
deficiency may also lead to elevated infiltration of inflamma-
tory cells within liver tissues. Intriguingly, we observed that
the number of infiltrated neutrophils were significantly lower
in the liver tissues of ApoE�/�/Tollip�/� mice fed with an
HFD as compared with ApoE�/� mice (Figure 4E). These data
suggest that Tollip deficiency selectively affects lipid accu-
mulation while decreasing the infiltration of inflammatory
cells.

Figure 5. Toll-interacting protein (Tollip) deficiency compromises liver lipophagy. Apolipoprotein
E–deficient (ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a high-fat diet
for an additional 8 weeks. A, Representative transmission electron microscopy (TEM) images of lipid
droplets within liver hepatocytes. B, Representative TEM images of liver hepatocytes. C, The numbers of
lysosomes within liver hepatocytes are quantified and shown in the graph. Error bars represent SEM.
**P<0.01. Student t test. LD indicates lipid droplet; Ly, lysosome.
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Tollip Deficiency Results in the Disruption of
Lipophagy in Liver

To test whether Tollip deficiency may similarly contribute to
the disruption of lipophagy completion in the liver, we
performed transmission electron microscopy analyses of liver
hepatocytes from ApoE�/� mice and ApoE�/�/Tollip�/�

mice. We observed effective fusion between lysosome and
lipid droplets in hepatocytes from ApoE�/� mice (Figure 5).
In sharp contrast, despite close proximity of lysosomes with
lipid droplets in hepatocytes from ApoE�/�/Tollip�/� mice,
there was clear separation of membrane structures of
lysosomes and lipid droplets, without any noticeable fusion
(Figure 5). Intriguingly, there were significantly elevated
numbers of lysosomes within hepatocytes from ApoE�/�/
Tollip�/� mice as compared with ApoE�/� mice, perhaps due
to the lack of lysosome fusion and/or a compensatory
mechanism for elevated lysosome biogenesis (Figure 5B and
5C). Our results corroborate with the phenotypic data that
Tollip is required for the process of lipophagy, and Tollip

deficiency may cause a systemic compromise in the
intracellular clearance of lipids.

Next, we examined critical genes responsible for the fusion
of autophagosome with lysosome from the liver tissues of
ApoE�/� and ApoE�/�/Tollip�/� mice. As measured by real-
time reverse transcription polymerase chain reaction analy-
ses, the expression levels of autophagocytosis-associated
protein 3, gamma-aminobutyric acid receptor-associated
protein, autophagy-related 9a, autophagy-related protein 12,
and Ras-related protein 7 were significantly reduced in the
liver tissues of ApoE�/�/Tollip�/� mice as compared with
ApoE�/� mice (Figure 6A through 6E).

Tollip Deficiency Elicits Reduced Plasma Levels of
Inflammatory Mediators
Tollip is involved not only in autophagy, but also in the
modulation of inflammatory gene expressions.12,13 However,
previous studies on the exact function of Tollip during the
expression of inflammatory mediators were inconclusive. Our

Figure 6. Toll-interacting protein (Tollip) deficiency reduces the expression of key genes involved in lysosome fusion. Apolipoprotein
E–deficient (ApoE�/�)and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a high-fat diet for additional 8 weeks. A through E,
Real-time reverse transcription polymerase chain reaction data are shown for liver tissue expression of (A) autophagocytosis-associated protein
3 (ATG3), (B) gamma-aminobutyric acid receptor-associated protein (GABARAP), (C) autophagy-related 9a (ATG9a), (D) autophagy-related protein
12 (ATG12), and (E) Ras-related protein 7 (RAB7). Error bars represent SEM. *P<0.05. Student t test.
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previous data with in vitro cultured macrophages suggest that
Tollip is involved in the generation of mitochondria
reactive oxygen species and the expression of selected
proinflammatory mediators under low-grade inflammatory
conditions.13 Based on these findings, we tested the expression
levels of key inflammatory mediators in ApoE�/�/Tollip�/�

mice. Consistent with our previous in vitro observation, we
observed that the levels of plasma TNF-a and IL-6 were
significantly lower in ApoE�/�/Tollip�/� mice as compared
with ApoE�/� mice fed with an HFD (Figure 7). On the other
hand, we observed elevated plasma levels of TGF-b in
ApoE�/�/Tollip�/� mice as compared with ApoE�/� mice fed
with an HFD (Figure 7). The TGF-b levels within the atheroscle-
rotic plaque areas were also significantly higher in ApoE�/�/
Tollip�/� mice as compared with ApoE�/� mice (Figure S4).

To test the potential sources of TNF-a expression, we
examined the cellular levels of TNF-a in splenic monocytes
and neutrophils harvested from ApoE�/� and ApoE�/�/
Tollip�/� mice through flow cytometry. As shown in Figure 8A
and 8B, we observed significantly reduced intracellular levels

of TNF-a and IL-12 in both splenic monocytes and neutrophils
from ApoE�/�/Tollip�/� mice. In addition, the surface levels
of C-X-C motif chemokine receptor 2 on splenic neutrophils as
well as bone marrow neutrophils were significantly lower in
ApoE�/�/Tollip�/� mice (Figure 8C and 8D). These data
suggest that Tollip deficiency selectively increases intracellu-
lar lipid accumulation while reducing systemic proinflamma-
tory response.

Discussion
Our study reveals dual roles of Tollip in facilitating lipophagy
and systemic inflammation that reconcile the enlarged yet
stable atherosclerosis phenotype associated with Tollip-
deficient mice. First, our data extend previous in vitro
studies on the role of Tollip during the process of lysosome
fusion.7,10 Reports from others and our laboratory indicate
that Tollip is critically involved in the fusion of lysosome with
autophagosome in cultured cells. Our current study confirms

Figure 7. Toll-interacting protein (Tollip) deficiency reduces the plasma levels of selected inflammatory cytokines. A through E, Apolipoprotein
E–deficient (ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a high-fat diet for an additional 8 weeks. Plasma levels
of (A) tumor necrosis factor-a (TNF-a), (B) interleukin (IL)–6, (C) transforming growth factor-b (TGF-b), (D) IL-1b, and (E) C-C motif chemokine
ligand 2 (CCL2) were measured. Error bars represent SEM. *P<0.05; **P<0.01. Mann–Whitney U test.
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these previous studies in an animal model in vivo, in the
specific context of lipophagy. We observed a failure of
lysosome fusion with lipid droplets within both aorta cells
and hepatocytes of ApoE�/�/Tollip�/� mice through elec-
tron microscopy. Gene expression analyses revealed reduced
expression of key genes involved in lysosome fusion as well
as the lipoprotein lipase in ApoE�/�/Tollip�/� mice. The
defective lipophagy and reduced LPL expression due to Tollip
deficiency we observed in this study helps to explain
elevated lipid deposition in atherosclerotic plaques as well
as liver in ApoE�/�/Tollip�/� mice as compared with
ApoE�/� mice.

Second, despite enlarged atherosclerotic plaques with
elevated lipid deposition, the systemic levels of proinflamma-
tory cytokines such as TNF-a and IL-6 were reduced in
ApoE�/�/Tollip�/� mice as compared with ApoE�/� mice.
Our study clarifies a novel contribution of Tollip in the context
of low-grade chronic inflammation in vivo. Previous studies
suggest opposing roles of Tollip as capable of serving as both a
positive and negative regulator of inflammation in cultured
cells.12,13,17 Under acute and strong inflammatory signals,
Tollip may serve as a negative regulator of NFjB signaling and
suppress the expression of proinflammatory mediators.12 The
induction of Tollip by higher-dose inflammatory signals such as

Figure 8. Toll-interacting protein (Tollip) deficiency reduces the expression of inflammatory mediators from monocytes and neutrophils.
Apolipoprotein E–deficient (ApoE�/�) and ApoE�/�/Tollip�/� mice (male, 8 weeks old) were fed with a high-fat diet for an additional 8 weeks.
Flow cytometry analyses of intracellular tumor necrosis factor-a (TNF-a) and interleukin (IL)–12 in splenic neutrophils (A) and monocytes (B).
Flow analyses of C-X-C motif chemokine receptor 2 (CXCR2) levels on splenic (C) and bone marrow (D) neutrophils. Error bars represent SEM.
N=4, *P<0.05, **P<0.01. Student t test.
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LPS lead to endotoxin tolerance.12,18 In contrast, under lower
inflammatory signals where NFjB signaling may not be the
primary component for the low-grade inflammatory state,
Tollip serves as a positive regulator for the low-level expression
of proinflammatory mediators through facilitating the gener-
ation of mitochondria reactive oxygen species.13 Among
multiple inducers of chronic inflammation, subclinical endo-
toxemia with super low levels of circulating LPS have been
increasingly recognized in chronic diseases such as diabetes
mellitus and atherosclerosis.19,20 Super low–dose LPS induces
nonresolving low-grade inflammation, enhancing the proin-
flammatory function of Tollip through translocating Tollip from
lysosome to mitochondria.7 On the other hand, dislocation of
Tollip away from lysosome may compromise lipophagy and
contribute to cellular lipid accumulation. Translocated Tollip
may be responsible for altering the balance of cytokine
expressions, favoring the expression of proinflammatory
mediators such as TNF-a and IL-6 and reducing the expression
of TGF-b as shown in this study. Consistent with these
mechanistic observations, we recently reported that injection
of super low–dose LPS in ApoE single-knockout mice induces
an unstable atherosclerosis phenotype with increased plaque
lipid deposition, increased systemic proinflammatory media-
tors, reduced TGF-b, and reduced plaque collagen content.19

Our current observations in ApoE�/�/Tollip�/� mice comple-
ment our previous findings by demonstrating that complete
deletion of Tollip compromises both lipophagy and proinflam-
matory cytokine expression in vivo. Reduced lipophagy
explains elevated lipid deposition within enlarged atheroscle-
rotic plaques in ApoE�/�/Tollip�/� mice. On the other hand,
reduced systemic inflammation as reflected in reduced plasma
levels of TNF-a/IL-6 and increased levels of TGF-b due to Tollip
deletion renders a stable atherosclerosis phenotype with
increased plaque collagen and smooth muscle cells.

Our data not only address the dual roles of Tollip in
lipophagy and inflammation but also help to clarify the relative
contribution of rising plasma lipids and inflammation during
the pathogenesis of atherosclerosis. Out data are consistent
with previous findings that hyperlipidemia is a key driver for
early development of atherosclerosis, and that high levels of
circulatory inflammatory cytokines are not capable of stim-
ulating the development of atherosclerosis in the absence of
hyperlipidemia.21 Our data also suggest that hyperlipidemia
without excessive inflammation may prevent the progression
of unstable advanced atherosclerosis, as the atherosclerotic
plaques manifested in ApoE�/�/Tollip�/� mice tend to have
increased collagen contents and elevated smooth muscle
cells sprouting over the plaque areas, characteristics of stable
atherosclerotic plaques.

Likewise, despite elevated lipid deposition in liver tissues,
we did not observe apparent fibrosis within liver tissues of
ApoE�/�/Tollip�/� mice, which is distinct from conventional

models of nonalcoholic fatty liver disease with an inflamma-
tory component, where liver fibrosis is a common phe-
nomenon and often leads to cirrhosis.22,23 Animals with
nonalcoholic fatty liver disease tend to have elevated liver
inflammation as reflected by increased infiltration of liver
neutrophils.24 In contrast, we observed less neutrophil
infiltration in liver tissues from ApoE�/�/Tollip�/� mice as
compared with ApoE�/� mice. Collectively, our data suggest
that defective lipophagy may partially contribute to the
pathogenesis of steatosis and that the lack of an inflamma-
tory component may prevent the full-blown development of
nonalcoholic fatty liver disease with fibrosis and cirrhosis.

Conclusions
At the translational levels, our data suggest that restoring
the proper function of Tollip instead of completely blocking
Tollip may present the optimum approach to treat
atherosclerosis and steatosis. Our data lend caution to
related translational studies that aim to treat atherosclerosis
by completely blocking target molecules through inhibitor
approaches. Instead, balanced approaches to restore the
proper functions of target molecules and pathways may hold
better therapeutic promise in the effective treatment of
chronic atherosclerosis.
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Supplementary Materials 



Figure S1. Tollip deficiency promotes the development of stable atherosclerotic plaques. 

A-B. ApoE-/- and ApoE-/-/Tollip-/- mice (male, 8 weeks old) were fed with regular chow for 

additional eight weeks. (A) Representative Oil-Red-O staining images within the aortic roots 

of ApoE-/- and ApoE-/-/Tollip-/- mice. B. Quantification of Oil-Red-O staining positive area 

(mm2) of aortic roots.  * P<0.05.  Mann Whitney-U test. 

A
ApoE

-/- 
/Tollip

-/-

30 µm 

400 µm

100 µm

ApoE
-/-

30 µm 

400 µm

100 µm

Chow Diet 

B

A po E
-/-

A po E
-/-

/T o llip
-/-

0 .0 0

0 .0 5

0 .1 0

0 .1 5

0 .2 0

O
il

 R
e

d
 O

 S
ta

in
in

g
 A

r
e

a
s

 (
m

m
2
)

*

Chow 



Figure S2.  Tollip deficiency does not lead to significant increase in aortic macrophages. 

ApoE-/- and ApoE-/-/Tollip-/- mice (male, 8 weeks old) were fed with HFD for additional eight 

weeks.  Aortic sections were stained with MOMA-2 antibody (green) and DAPI (blue) to 

visualize aortic macrophages.    
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Figure S3.  Tollip deficiency increases plasma levels of lipids.  ApoE-/- and ApoE-/-/Tollip-/- 

mice (male, 8 weeks old) were fed with HFD for additional eight weeks.  Plasma triglyceride, 

total cholesterol, and free cholesterol were measured. Error bars represent SEM. ** P<0.01; 

***P<0.001. Mann Whitney-U test.  
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Figure S4.  Tollip deficiency leads to elevated plaque levels of TGFβ. ApoE-/- and ApoE-/-/

Tollip-/- mice (male, 8 weeks old) were fed with HFD for additional eight weeks.  Aortic 

sections were stained with MOMA-2 antibody (green) and anti-TGFβ.  Error bars represent 

SEM.  **P<0.01. Student t test.  
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