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Cardiac mitochondrial damage and subsequent inflammation
are hallmarks of endotoxin-induced myocardial depression.
Activation of the Parkin/PTEN-induced kinase 1 (PINK1) path-
way has been shown to promote autophagy of damaged mito-
chondria (mitophagy) and to protect from endotoxin-induced
cardiac dysfunction. Tumor susceptibility gene 101 (TSG101) is
a key member of the endosomal recycling complexes required
for transport, which may affect autophagic flux. In this study, we
investigated whether TSG101 regulates mitophagy and influ-
ences the outcomes of endotoxin-induced myocardial dysfunc-
tion. TSG101 transgenic and knockdown mice underwent endo-
toxin/lipopolysaccharide treatment (10 �g/g) and were assessed
for survival, cardiac function, systemic/local inflammation, and
activity of mitophagy mediators in the heart. Upon endotoxin
challenge and compared with WT mice, TSG101 transgenic
mice exhibited increased survival, preserved cardiac contractile
function, reduced inflammation, and enhanced mitophagy activa-
tion in the heart. By contrast, TSG101 knockdown mice displayed
opposite phenotypes during endotoxemia. Mechanistically, both
coimmunoprecipitation assays and coimmunofluorescence stain-
ing revealed that TSG101 directly binds to Parkin in the cytosol of
myocytes and facilitates translocation of Parkin from the cytosol to
the mitochondria. Our results indicate that TSG101 elevation
could protect against endotoxin-triggered myocardial injury by
promoting Parkin-induced mitophagy.

Sepsis, which is defined by consensus as a dysregulated host
response to infection, remains a major contributor to mortality
in intensive care units of hospitals (1). Sepsis-induced mortality
has primarily been ascribed to multiple organ dysfunction, of

which cardiac contractile dysfunction has been linked with
increased risk of mortality (2, 3). The active outer membrane
phospholipid component of Gram-negative bacteria, endo-
toxin (lipopolysaccharide (LPS)),3 has been implicated as a
major causative factor for sepsis-induced cardiomyopathy (4,
5). Endotoxin is able to either bind with plasma membrane
receptors (i.e. Toll-like receptors) or infiltrate into intracellular
spaces, where it can interfere with organelle function (6).
Although the exact mechanisms of such actions remain
obscure, endotoxin-triggered myocardial depression has been
largely attributed to mitochondrial dysfunction, pro-inflamma-
tory cytokines/mediators, and nitric oxide production (6).

Currently, it is well recognized that mitochondrial function
and quality control are extremely essential for cardiomyocyte
contractile function (7). In general, mitochondrial quality con-
trol is maintained by the ubiquitin-proteasome system, selec-
tive autophagy of damaged mitochondria (mitophagy), and
mitochondrial biogenesis (8). Disruption of these processes
contributes to the pathophysiology of various cardiovascular
disorders (9, 10). Endotoxin-induced mitochondrial impair-
ment has been well established in human septic patients and
septic animal models (11–14). However, therapies targeting
mitochondrial dysfunction in septic patients have not been
explored. Recent studies in mice and rats have demonstrated
that activation of mitophagy could greatly rescue LPS-induced
cardiac dysfunction (15, 16). At present, it is well established
that mitophagy is regulated by the E3 ubiquitin ligase Parkin
(17) and the mitochondrial serine-threonine kinase PTEN-in-
duced putative kinase 1 (PINK1) (18). When the mitochondria
are depolarized and damaged, PINK1 recruits cytosolic Parkin
to the mitochondria, which, in turn, drives the damaged mito-
chondria to microtubule-associated protein 1A/1B light chain 3
(LC3) to be degraded and regenerated by autolysosomes (19).
Parkin-deficient mice showed multiple cardiac mitochondrial
defects and worse cardiac contractile function compared with
WT mice when challenged with endotoxin (20). Thus, targeting
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the Parkin/PINK1 pathway and mitochondrial autophagy
(mitophagy) may provide the best outcomes in sepsis.

Tumor susceptibility gene 101 (TSG101) was originally
linked to breast cancer (21, 22). Later, several groups identified
TSG101 as an essential member of the endosomal complex
required for transport (23). Most importantly, studies have also
suggested that knockdown of TSG101 results in accumulation
of autophagosomes and defective autophagic flux in various
cancer cell lines (24, 25). Recently, we showed that TSG101 can
promote endosomal recycling of insulin-like-growth factor 1
(IGF-1R) in cardiomyocytes and positively regulate physiolog-
ical cardiac hypertrophy (26). However, the definitive role of
TSG101 in cardiac selective autophagy of damaged mitochon-
dria (mitophagy) during endotoxemia remains unknown.
Hence, it would be intriguing to elucidate whether TSG101
regulates mitophagy and its consequences for endotoxin-in-
duced cardiac dysfunction.

In this study, we first observed that mitophagy was activated
in mouse hearts when challenged with endotoxin, which coin-
cided with up-regulation of TSG101 protein levels. Mice with
cardiac-specific overexpression of TSG101 were resistant
to endotoxin-triggered mortality, cardiac dysfunction, and
inflammation. On the other hand, endotoxin treatment in mice
with inducible cardiac-specific knockdown of TSG101 exagger-
ated mortality, myocardial dysfunction, inflammation, and
mitochondrial damage. Mechanistically, we identified that
TSG101 could interact with Parkin, which promoted transloca-
tion of Parkin from the cytosol to mitochondria in endotoxemic
cardiomyocytes.

Results

Endotoxin activates mitophagy in the mouse heart together
with up-regulation of TSG101

Mitophagy has been demonstrated to play a protective role in
the heart during endotoxin challenge (15, 16). Notably, Parkin
and PINK1, two major players of mitophagy, are essential for its
protection against endotoxin-induced cardiac impairment
(20). To determine the expression pattern of mitophagy medi-
ators (i.e. Parkin and PINK1) and the autophagic flux marker
LC3-II in endotoxemic hearts, LPS was injected i.p. into mice,
and heart samples were collected after 0, 6, and 24 h for West-

ern blot analysis. We observed that cardiac LC3-II protein lev-
els were significantly up-regulated 6 h and 24 h post-injection
(Fig. 1, A and B), suggesting that treatment of mice with LPS led
to increased autophagy flux in the heart. Interestingly, protein
levels of Parkin were greatly increased at 6 h but returned to
basal levels 24 h post-LPS injection (Fig. 1, A and C), suggesting
early activation of Parkin in endotoxemic hearts. Similar to
LC3-II, cardiac protein levels of PINK1 were continuously ele-
vated 6 and 24 h post-LPS injection (Fig. 1, A and D). Consid-
ering that previous reports indicated a possible contribution of
TSG101 to autophagy in cancer cells (24, 25), we next sought to
determine whether TSG101 protein levels were dysregulated in
mouse hearts upon endotoxin treatment. Immunoblot analysis
results showed that TSG101 protein levels were remarkably
increased in mouse hearts 6 and 24 h after LPS injection (Fig. 1,
A and E). These results indicate that TSG101 may play a role in
cardiac response to endotoxin stress and that the increase of
TSG101 may be linked to Parkin/PINK1-mediated mitophagy.

Overexpression of TSG101 improves animal survival and
cardiac function and reduces inflammation upon endotoxin
challenge

To investigate the possible role of TSG101 in endotoxin-in-
duced cardiac dysfunction, a transgenic mouse model with car-
diac-specific overexpression of TSG101 was generated (26). We
selected the G line of the TSG101 transgenic (TG) mouse
model for the following experiments (Fig. 2A), as this line of TG
hearts showed �4-fold overexpression of TSG101 compared
with WT hearts (Fig. 2B), which was close to the magnitude of
up-regulation of TSG101 in LPS-treated mouse hearts (Fig. 1, A
and E). Given that endotoxin can cause myocardial depression
and animal death (13, 14), we first monitored survival rates in
TSG101-TG mice and WT controls over 5 days after LPS injec-
tion. Survival analysis results showed a higher survival rate in
TG mice (six of seven TG mice survived) after endotoxin chal-
lenge, whereas only three of eight WT mice survived (Fig. 2C).
Consistent with previous reports (13, 14), cardiac function
parameters, ejection fraction, and fractional shortening were
significantly decreased in LPS-treated WT mice (Fig. 2, D–F,
and Table S1). However, cardiac function was preserved in LPS-
treated TG mice (Fig. 2, D–F, and Table S1). Considering that

Figure 1. Endotoxin activates mitophagy in the mouse heart together with up-regulation of TSG101. A–E, Western blots and quantification analysis (A)
showing the differential expression of LC3-II (B), Parkin (C), PINK1 (D), and TSG101 (E) in hearts of mice subjected to endotoxin injection for 0, 6, and 24 h. GAPDH
was used as a loading control for total protein. n � 6 for all groups. *, p � 0.05 versus 0 h.
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endotoxin-induced mortality and cardiac dysfunction have
been ascribed to elevation of systemic/local inflammation (1, 4),
we next measured the levels of pro-inflammatory cytokines in
the sera and cardiac tissues of LPS-injected mice (Fig. 2A).
Quantitative PCR and ELISA results showed that cardiac and
systemic levels of TNF� and IL-6 were greatly increased in
LPS-treated WT mice, but this increase was significantly atten-

uated in LPS-treated TG mice (Fig. 2, G–J). Given that the
TSG101-TG model is cardiomyocyte-specific, we were curious
about why circulating cytokines were reduced in this mouse
model. As reported previously by our laboratory, elevation of
TSG101 in cardiomyocytes can promote exosome release,
which may affect remote or neighboring cells through transfer
of encapsulated content (27). Therefore, we speculated that
such systemic effects of TSG101-TG hearts on circulating
immune cells (i.e. macrophages) might be partly ascribed to
exosomes released by TSG101-overexpressing cardiomyocytes.
To confirm this possibility, we utilized an in vitro approach to
isolate exosomes from neonatal rat cardiomyocytes (NRCMs)
transfected with the adenovirus vector Ad.TSG101 or control
Ad.GFP. We observed that protein levels of the exosomal
marker CD63 were elevated together with higher levels of
TSG101 in equal amounts of exosomes (20 �g) isolated from
Ad.TSG101 NRCMs (TSG101-exo) compared with those col-
lected from Ad.GFP NRCMs (GFP-exo), although the average
sizes of both sets of exosomes were similar (Fig. S1, A–C).
Importantly, RAW264.7 macrophages treated with TSG101-
exo showed higher levels of TSG101, Parkin, and PINK1 under
both PBS- and LPS-stimulated conditions than cells treated
with an equal amount of GFP-exo (2 �g/ml) (Fig. S1, D–G).
Accordingly, treatment of macrophages with TSG101-exo
(2 �g/ml) diminished production of the inflammatory cytokine
IL-6 compared with GFP-exo–treated cells (Fig. S1H). Hence,
these results suggest that exosomes released by TSG101-over-
expressing cardiomyocytes may have paracrine effects on cir-
culating immune cells. Together, these data indicate that
overexpression of TSG101 could protect mice against endotox-
in-induced death, cardiac dysfunction, and local/systemic
inflammation.

Overexpression of TSG101 enhances mitophagy and
mitochondrial integrity in endotoxin-treated hearts

To elucidate whether TSG101-mediated protection against
endotoxemia is associated with mitophagy, we next determined
the expression levels of the mitophagy regulators Parkin and
PINK1 in LPS-treated mouse hearts (Fig. 3A). Interestingly, we
observed that the protein levels of Parkin and PINK1 were sig-
nificantly increased in TSG101-TG hearts compared with WT
controls under basal conditions (Fig. 3, B–E). Notably, overex-
pression of TSG101 in mouse hearts enhanced the mRNA lev-
els of Parkin, but not PINK1, under basal conditions (Fig. S2,
A–C). As expected, treatment of mice with LPS enhanced
expression of Parkin and PINK1 in WT hearts; however, such
increases were more pronounced in TSG101-TG hearts upon
LPS challenge (Fig. 3, B–E). Accordingly, autophagic flux was
significantly enhanced in TSG101-TG hearts, as evidenced by
higher levels of LC3-II than in WT hearts under basal and LPS
conditions (Fig. 3, B and F). Remarkably, we found that TSG101
and Parkin levels were decreased in cytosolic fractions in both
WT and TG hearts after LPS treatment compared with PBS
conditions (Fig. S2, D and F–H). Conversely, the levels of
TSG101, Parkin, and PINK1 were increased in mitochondrial
fractions in the hearts of WT and TG mice upon endotoxin
challenge, and such elevations were more pronounced in mito-
chondrial fractions of TG hearts than in WT controls (Fig. S2, E

Figure 2. Overexpression of TSG101 improves animal survival and car-
diac function and reduces inflammation upon endotoxin challenge. A,
experimental procedure and biochemical assays for LPS (10 �g/g) treatment
in WT and TG mice. wk, week. B, Western blots and quantification analysis
showing the expression of TSG101 in hearts of WT and TG mice. GAPDH was
used as a loading control for total protein. n � 6 for all groups. *, p � 0.05
versus WT. C, survival curve of WT and TG mice when challenged with LPS (10
�g/g) and monitored over 5 days. n � 8 for WT, n � 7 for TG. *, p � 0.05 versus
WT. D–F, cardiac function in WT and TG mice subjected to PBS or LPS treat-
ment was determined by echocardiography. n � 4 for PBS WT, n � 5 for PBS
TG, n � 5 for LPS WT, n � 7 for LPS TG. * and #, p � 0.05 versus PBS WT; &, p �
0.05 versus LPS WT. G and H, levels of the pro-inflammatory cytokines TNF� (G)
and IL-6 (H) in WT and TG mice subjected to PBS or LPS treatment were deter-
mined by qRT-PCT. n � 4 for all groups. *, p � 0.05 versus PBS WT; #, p � 0.05
versus PBS TG; &, p � 0.05 versus LPS WT. I and J, levels of the pro-inflammatory
cytokines TNF� (I) and IL-6 (J) in WT and TG mice subjected to PBS or LPS
treatment were measured by ELISA. n � 6 for all groups. *, p � 0.05 versus PBS
WT; #, p � 0.05 versus PBS TG; &, p � 0.05 versus LPS WT.
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and I–K). These data suggest enhanced translocation of
TSG101 and Parkin from the cytosol to the mitochondria in TG
hearts during endotoxemia. Next we examined whether over-
expression of TSG101 affected the release of mitochondrial
DNA (mtDNA) and reactive oxygen species (mtROS), two indi-
cators of mitochondrial damage during endotoxemia (15, 28).
As shown in Fig. 3, G–I, the levels of mtDNA and mtROS were
remarkably lower in LPS-TG hearts than in LPS-WT hearts.
Further, the levels of myeloperoxidase (MPO), an enzyme
released from infiltrating neutrophils because of cellular oxida-
tive stress (28), were significantly lower in LPS-TG hearts com-
pared with LPS-WT hearts (Fig. 3J). Collectively, these data
suggest that TSG101-elicited protective effects against endo-
toxemia may be due to enhanced cardiac mitophagy.

Knockdown of TSG101 exacerbates LPS-triggered animal
mortality, cardiac dysfunction, and inflammation

To further investigate the role of TSG101 in endotoxin-in-
duced cardiac injury, we utilized an inducible cardiac-specific
TSG101 knockdown (KD, MerCreMer-TSG101fl/�) mouse
model that underwent LPS challenge 1 week after the last injec-
tion of tamoxifen (Fig. 4A). Complete knockout of TSG101 is
lethal (26). Genetic knockdown of TSG101 in the mouse hearts
was confirmed by Western blot analysis (Fig. 4B). We observed
that only two of eight KD mice survived 5 days post-LPS injec-
tion, whereas seven of 10 control (CTRL, TSG101fl/�) mice
survived when challenged with LPS (Fig. 4C). Further, under
basal conditions, KD mice exhibited similar cardiac contractile

function as CTRL mice (Fig. 4, D–F, and Table S2). However,
the degree of LPS-triggered cardiac dysfunction was greater in
KD mice than in CTRL mice, as evidenced by a significantly
larger reduction in ejection fraction and fractional shortening
in KDs compared with CTRLs, which underwent endotoxemia
for 12 h (Fig. 4, D–F, and Table S2). Accordingly, there were
higher levels of systemic and cardiac pro-inflammatory cyto-
kines, TNF and IL-6, in LPS-treated KD mice than in CTRLs
(Fig. 4, G–J). Together, these data demonstrate that knockdown
of TSG101 in the heart exaggerates endotoxin-triggered mor-
tality, cardiac dysfunction, and inflammation.

Knockdown of TSG101 diminishes mitophagy and
mitochondrial integrity in LPS-treated hearts

To determine whether knockdown of TSG101 affected car-
diac mitophagy during endotoxemia, we subjected CTRL and
KD mice to LPS treatment for 6 h and collected heart samples
for Western blotting and quantification of mtDNA, mtROS,
and MPO (Fig. 5A). Immunoblot analysis showed that knock-
down of TSG101 in the heart significantly reduced the protein
levels of Parkin, PINK1, and LC3-II under basal (PBS) condi-
tions (Fig. 5, B–F), although there were no significant changes
in the mRNA levels of Parkin and PINK1 (Fig. S3, A–C).
Although administration of LPS elicited compensatory up-reg-
ulation of PINK1, Parkin, and LC3-II expression in CTRL
hearts, up-regulation of these proteins was remarkably attenu-
ated in KD hearts (Fig. 5, B–F). Similar to the TG model, endo-
toxin treatment elicited a reduction in the levels of cytosolic

Figure 3. Overexpression of TSG101 enhances mitophagy and mitochondrial integrity in endotoxin-treated hearts. A, experimental procedure and
biochemical assays for LPS (10 �g/g) treatment in WT and TG mice. wk, week. B, Western blots and quantification analysis (B) showing protein levels of TSG101
(C), Parkin (D), PINK1 (E), and LC3-II (F) in hearts of WT and TG mice subjected to endotoxin injection for 6 h. GAPDH was used as a loading control for total
protein. n � 6 for all groups. * and #, p � 0.05 versus PBS WT; &, p � 0.05 versus PBS TG; $, p � 0.05 versus LPS WT. G and H, quantification of mtDNA by RT-PCR
using primers targeted to mitochondrial cytochrome b (CytB, G) and mitochondrial cytochrome c (CytC, H) in hearts of WT and TG mice subjected to endotoxin
injection for 6 h. n � 4 for all groups. *, p � 0.05 versus PBS WT; #, p � 0.05 versus PBS TG; &, p � 0.05 versus LPS WT. I, levels of mitochondrial hydrogen peroxide
(ROS) in hearts of WT and TG mice subjected to endotoxin injection for 6 h was measured by Amplex Red assay. n � 6 for all groups. *, p � 0.05 versus PBS WT;
#, p � 0.05 versus PBS TG; &, p � 0.05 versus LPS WT. J, levels of MPO in hearts of WT and TG mice subjected to endotoxin injection for 6 h was measured by MPO
ELISA kit. n � 4 for all groups. *, p � 0.05 versus PBS WT; #, p � 0.05 versus PBS TG; &, p � 0.05 versus LPS WT.
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TSG101 and Parkin, but there was an elevation in mitochon-
drial PINK1, Parkin, and TSG101 levels in both CTRL and KD
hearts compared with PBS conditions (Fig. S3, D–K). Notably,
such mitochondrial translocation of PINK1, Parkin, and
TSG101 was greatly reduced in KD hearts compared with
CTRLs (Fig. S3, D–K). In addition, the levels of mtDNA,

mtROS, and MPO were much higher in LPS-treated KD hearts
than in CTRL hearts (Fig. 5, G–J). These data indicate that
knockdown of TSG101 significantly inhibits activation of
mitophagy in the endotoxemic heart.

TSG101 interacts with and augments the function of Parkin in
endotoxin-treated hearts

To elucidate how TSG101 regulates cardiac mitophagy dur-
ing endotoxemia, we performed coimmunoprecipitation assays
using antibodies of TSG101, Parkin, and PINK1 in heart homo-
genates of WT and TG mice subjected to endotoxin challenge
for 6 h. Our results showed that not only did TSG101 bind to
Parkin, but this association was further enhanced in both WT
and TG hearts after endotoxin challenge (Fig. 6, A and B). Inter-
estingly, TSG101 did interact with Parkin but did not bind to
PINK1 (Fig. 6A). As expected, Parkin interacted with PINK1
because such an interaction is well known to target damaged
mitochondria to autophagosomes and lysosomes (Fig. 6, A and
B). To further validate that TSG101 interacted with Parkin, we
performed coimmunostaining in isolated neonatal rat car-
diomyocytes that were treated with PBS or LPS (1 �g/ml) for
3 h. The results of coimmunostaining for mitochondria (Mito-
Tracker), TSG101, and Parkin revealed that a small portion of
TSG101 and Parkin were colocalized within mitochondria
under the basal (PBS) condition (Fig. 6C). However, in LPS-
treated cardiomyocytes, a large portion of TSG101 overlapped
with Parkin at the mitochondria (Fig. 6C). Next we sought to
elucidate the specific domain of TSG101 that interacts with
Parkin. Human and mouse TSG101 proteins, which are highly
conserved between both species, contain four known structural
motifs: the N-terminal ubiquitin E2 variant (UEV) domain, pro-
line-rich region, a coiled-coil region, and a C-terminal �-heli-
cal/steadiness box domain (Fig. 6D) (29). To delineate the
essential domain of TSG101 that binds to Parkin, we cotrans-
fected the indicated truncates of myc-tagged human TSG101
plasmids with the mCherry-tagged human Parkin plasmid into
HEK293T cells (Fig. 6D). Using immunoblot analysis, we
confirmed the expression of these transfected plasmids in
HEK293T cells (Fig. 6E). Coimmunoprecipitation assays dem-
onstrated that TSG101 mutants containing an UEV domain (2,
3, 6, and 7) could bind to Parkin (Fig. 6, F and G). These results
indicate that TSG101 interacts with Parkin through its UEV
domain and that such an association may enhance transloca-
tion of Parkin from the cytosol to mitochondria after LPS
challenge.

TSG101 promotes mitochondrial fission and biogenesis upon
endotoxin challenge

Besides mitophagy, mitochondrial structural integrity could
be regulated by mitochondrial fusion, fission, and biogenesis
(30). Mitochondrial fusion is the merging of mitochondria and
is controlled by Mitofusins (Mfn1 and Mfn2) (30). Mitochon-
drial fission is the process of breaking down damaged mito-
chondria for easy removal and degradation and is primarily
regulated by dynamin-related protein 1 (Drp1) (30). Thus,
mitochondrial fission promotes activation of mitophagy,
whereas fusion inhibits mitophagy (31). Mitochondrial biogen-
esis is the replacement of mitochondria that have been

Figure 4. Knockdown of TSG101 exacerbates LPS-triggered animal mor-
tality, cardiac dysfunction, and inflammation. A, experimental procedure
and biochemical assays for LPS (10 �g/g) treatment in CTRL (TSG101fl/�) and
TSG101 KD (MerCreMer-TSG101fl/�) mice. wk, week. B, Western blots and
quantification analysis showing the expression of TSG101 in hearts of CTRL
and KD mice. GAPDH was used as a loading control for total protein. n � 6 for
all groups. *, p � 0.05 versus CTRL. C, survival curve of CTRL and KD mice when
challenged with LPS (10 �g/g) and monitored over 5 days. n � 10 for CTRL,
n � 8 for KD. *, p � 0.05 versus CTRL. D–F, cardiac function in CTRL and KD mice
subjected to PBS or LPS treatment was determined by echocardiography. n �
5 for PBS CTRL, n � 6 for PBS KD, n � 6 for LPS CTRL, n � 7 for LPS KD. *, p �
0.05 versus PBS CTRL; #, p � 0.05 versus PBS KD; &, p � 0.05 versus LPS CTRL. G
and H, levels of the pro-inflammatory cytokines TNF� (G) and IL-6 (H) in CTRL
and KD mice subjected to PBS or LPS treatment were determined by qRT-PCR.
n � 4 for all groups. *, p � 0.05 versus PBS CTRL; #, p � 0.05 versus PBS KD; &,
p � 0.05 versus LPS CTRL. I and J, levels of the pro-inflammatory cytokines
TNF� (I) and IL-6 (J) in CTRL and KD mice subjected to PBS or LPS treatment
were measured by ELISA. n � 6 for all groups. *, p � 0.05 versus PBS CTRL; #,
p � 0.05 versus PBS KD; &, p � 0.05 versus LPS CTRL.
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degraded by mitophagy and is mediated by peroxisome prolif-
erator-activated receptor-� coactivator-1a (PGC-1a) (30).
Therefore, we sought to determine the effects of TSG101 over-
expression on these regulators of mitochondrial fission, fusion,
and biogenesis in mouse hearts after LPS treatment. Under
basal conditions, there were no significant alterations of
Mfn1/2 and Drp1 but remarkable augmentation of PGC-1a lev-
els in TG hearts compared with WT controls (Fig. 7, A–E). Of
interest, upon LPS challenge, Mfn2 levels were significantly
decreased in TG hearts, whereas Mfn1 levels were not altered
compared with WT controls (Fig. 7, A–C). Importantly, Drp1
and PGC-1a levels were increased in both WT and TG hearts
after LPS challenge; however, such increases in TG hearts were
more significant than in WT hearts (Fig. 7, A, D, and E).
Together, these results suggest that mitochondrial fusion is
diminished but mitochondrial fission and biogenesis are aug-
mented in TSG101-overexpressing hearts after endotoxin
challenge.

Discussion

In this study, we identified a novel role of TSG101 in the
regulation of mitophagy and endotoxin-induced myocardial
depression. We observed that administration of endotoxin in
mice augmented the activation of mitophagy and autophagic
flux in mouse hearts, which correlated with elevation of
TSG101 protein levels. Cardiac-specific overexpression of
TSG101 in mice alleviated endotoxin-induced mortality, myo-

cardial dysfunction, and inflammation. In addition, TSG101
transgenic hearts exhibited enhanced mitophagy and preserva-
tion of mitochondrial integrity. In contrast, LPS-induced mor-
tality, cardiac dysfunction, and inflammation were aggravated
in mice with cardiac-specific knockdown of TSG101. Reduc-
tion of TSG101 also caused inhibition of cardiac mitophagy
after endotoxin challenge, leading to diminished mitochondrial
structural integrity. Mechanistically, TSG101 interacted with
Parkin in the cytosol under basal conditions, but this interac-
tion was further enhanced and consequently translocated to
mitochondria upon LPS treatment. Together, these findings
suggest that TSG101-mediated protective effects in endotox-
emic hearts are associated with enhanced mitophagy.

Currently, mitochondrial dysfunction is a critical feature of
septic cardiomyopathy (11–14). Besides generation/biogenesis
of new mitochondria, elimination of damaged mitochondria
has been linked to recovery of cardiac function during sepsis in
animal models (15, 16). It is well-known that each cardiomyo-
cyte has a large volume of mitochondria and that mitochondria
are essential for ATP generation (11–14). However, there are
no therapies that are targeted to eliminate mitochondrial dam-
age in septic patients. Furthermore, therapies developed to sup-
press inflammation in septic hearts have so far yielded negative
outcomes (32). In fact, numerous studies have shown that
defective mitophagy largely contributes to increased inflamma-
tory response in various organs (33, 34). Injured mitochondria

Figure 5. Knockdown of TSG101 diminishes mitophagy and mitochondrial integrity in LPS-treated hearts. A, experimental procedure and biochemical
assays for LPS (10 �g/g) treatment in CTRL (TSG101fl/�) and TSG101 KD (MerCreMer-TSG101fl/�) mice. wk, week. B–F Western blots and quantification analysis
(B) showing protein levels of TSG101 (C), Parkin (D), PINK1 (E), and LC3-II (F) in hearts of CTRL and KD mice subjected to endotoxin injection for 6 h. GAPDH was
used as a loading control for total protein. n � 6 for all groups. * and #, p � 0.05 versus PBS CTRL; &, p � 0.05 versus PBS KD; $, p � 0.05 versus LPS CTRL. G and
H, quantification of mtDNA by RT-PCR using primers targeted to mitochondrial cytochrome b (CytB, G) and mitochondrial cytochrome c (CytC, H) in hearts of
CTRL and KD mice subjected to endotoxin injection for 6 h. n � 4 for all groups. *, p � 0.05 versus PBS CTRL; #, p � 0.05 versus PBS KD; &, p � 0.05 versus LPS WT.
I, levels of mitochondrial hydrogen peroxide (ROS) in hearts of CTRL and KD mice subjected to endotoxin injection for 6 h were measured by Amplex Red assay.
n � 6 for all groups. *, p � 0.05 versus PBS CTRL; #, p � 0.05 versus PBS KD; &, p � 0.05 versus LPS CTRL. J, levels of MPO in hearts of CTRL and KD mice subjected
to endotoxin injection for 6 h were measured by MPO ELISA kit. n � 4 for all groups. *, p � 0.05 versus PBS CTRL; #, p � 0.05 versus PBS KD; &, p � 0.05 versus LPS
CTRL.
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Figure 6. TSG101 interacts with and augments the function of Parkin in endotoxin-treated hearts. A, coimmunoprecipitation (IP) using anti-
TSG101 and immunoblotting (IB) for PINK1, Parkin, and TSG101 in hearts of WT and TG mice subjected to PBS or LPS treatment for 6 h. n � 4 for all groups.
B, coimmunoprecipitation using anti-Parkin and immunoblotting for PINK1, Parkin, and TSG101 in hearts of WT and TG mice subjected to PBS or LPS
treatment for 6 h. n � 4 for all groups. C, immunofluorescence staining for mitochondria (MitoTracker), TSG101, and Parkin in NRCMs treated with either
PBS or LPS (1 �g/ml) for 3 h. n � 6 plates for each group. D, full-length human TSG101 (domains: UEV, proline-rich region (PRR), coiled coil (CC), and
steadiness box (SB)) and the indicated myc-tagged TSG101 truncated mutations. E, representative immunoblots showing the expression of mCherry-
Parkin and TSG101 mutants in HEK293T cells. n � 4 independent experiments. F, coimmunoprecipitation using anti-mCherry and immunoblotting for
anti-myc in HEK293T cells cotransfected with mCherry-Parkin and myc-tagged TSG101 mutants. n � 4 independent experiments. G, coimmunoprecipi-
tation using anti-myc and immunoblotting for anti-mCherry in HEK293T cells cotransfected with mCherry-Parkin and myc-tagged TSG101 mutants. n �
4 independent experiments.

Figure 7. TSG101 promotes mitochondrial fission and biogenesis upon endotoxin challenge. A–E, Western blots and quantification analysis (A) showing
the protein expression of Mfn1 (B), Mfn2 (C), Drp1 (D), and PGC-1a (E) in hearts of WT and TG mice subjected to endotoxin injection for 6 h. GAPDH was used as
a loading control for total protein. n � 6 for each group. * and #, p � 0.05 versus PBS WT; &, p � 0.05 versus PBS TG; $, p � 0.05 versus LPS WT.
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release various damage-associated molecular patterns (i.e.
mtDNA and mtROS) that act to augment production of inflam-
matory cytokines intracellularly and, eventually, in neighboring
immune cells (33, 34). For example, mtDNA released from
damaged mitochondria has been demonstrated to bind to intra-
cellular Toll-like receptor 9 (TLR9) and promote activation of
NF-�B (35). Hence, targeting damaged mitochondria with
mitophagy may be critical to eliminate the source of the inflam-
matory cytokine storm in septic hearts. Indeed, we observed in
this study that enhancement of mitophagy by overexpression of
TSG101 diminished the release of mtDNA and mtROS and,
consequently, reduced the inflammatory response in endotox-
emic hearts.

It is well accepted that general activation of autophagy in the
heart can attenuate sepsis-induced cardiac dysfunction (36 –
39). Stimulation of autophagy with rapamycin in septic animals
provides cardioprotection in terms of ATP production, lower
inflammatory cytokine levels, and improved cardiac contractile
performance (36 –38). In addition, a recent study by Zhang et
al. (39) showed that administration of melatonin enhanced
autophagy in endotoxemic hearts and abrogated endotoxin-
induced cardiac dysfunction and apoptosis. In the same vein,
pharmacological activation of AMP-activated protein kinase/
mTOR pathways activated autophagy and alleviated cardiac
function impairment (40). More recently, Sun et al. (15) dem-
onstrated that overexpression of Beclin-1, an important
autophagy initiator, alleviates LPS-induced inflammation and
cardiac dysfunction. These authors confirmed that Beclin-1-
mediated protection in the endotoxemic heart was due to
activation of the Parkin/PINK1 pathway. These previous
observations consistently suggest that autophagy-mediated
cardioprotection against sepsis may largely be due to
removal of damaged and dysfunctional mitochondria. Simi-
larly, beneficial effects induced by overexpression of TSG101
in endotoxemic hearts are associated with up-regulation of
Parkin/PINK1 (Fig. 3).

Accumulating evidence indicates that endotoxin initially
activates mitophagy and autophagy but that mitophagy gradu-
ally decreases in later stages of endotoxemia (15, 37). This initial
activation of mitophagy may act as an adaptive and compensa-
tory response to mitochondrial and cardiac dysfunction trig-
gered by endotoxin. Although endotoxin could promote
mitophagy and autophagic flux, this increase may not be
enough to abrogate the effects of LPS-induced cardiac damage.
Therefore, elevation of TSG101 in the heart may serve to aug-
ment mitophagy in the early stages of endotoxemia and may
further provide continual activation of mitophagy and attenu-
ation of endotoxin-induced cardiac dysfunction in later stages,
leading to better survival outcomes (Fig. 2C). Mechanistically,
TSG101 may act as a vehicle to shuttle Parkin to mitochondria,
where Parkin may attract autophagy mediators (LC3) to trans-
fer damaged mitochondria to the lysosome (Fig. 8). Given that
knockdown of TSG101 does not affect the mRNA levels of Par-
kin but does diminish the protein levels of Parkin, we deduce
that the interaction of TSG101 with Parkin contributes to the
protein stability of Parkin. Although PINK1 levels were
increased at basal levels, we did not see any evidence of inter-
action between TSG101 and PINK1 or any effects on mRNA

levels of PINK1. It is plausible that TSG101 may have an indi-
rect effect on PINK1 through its interaction with Parkin. With
respect to the discrepancy in basal cardiac function between
TSG101-TG and -KD mice, in which TG mice showed en-
hanced contractile function and KD mice had normal cardiac
phenotype, this could be due to constitutive overexpression of
TSG101 in TG hearts (cardiac function was measured in 10- to
12-week old mice) and acute inducible knockdown of TSG101
in KD hearts (cardiac function was measured 1 week after the
last tamoxifen injection).

In addition, there are several limitations to this study. First,
this study focused on testing the role of TSG101 in endotoxin-
induced cardiac injury. Although endotoxin is a major causa-
tive factor for Gram-negative bacterium–induced cardiomyop-
athy (4, 5), it will be interesting to investigate in the future
whether TSG101 provides similar protection against true
microbe-induced septic cardiomyopathy. Second, this study
did not determine the long-term effects of overexpression of
TSG101 in endotoxin-induced animal mortality and cardiac
dysfunction. Previous work has demonstrated that increased
levels of Parkin can protect against cardiac mitochondrial dys-
function and cardiac aging in 20-month-old mice (41). Consid-
ering that there are higher levels of Parkin in TSG101-TG
hearts than in the WT, we could speculate that overexpression
of TSG101 may have favorable long-term effects in aged mouse
hearts. Finally, although we observed that overexpression of
Tgs101 could enhance cardiac mitochondrial biogenesis, the
underlying mechanisms remain to be clarified. As a matter of
fact, recent studies have shown that Parkin positively regulates
the expression of PGC-1a through activated ubiquitination and
degradation of Parkin-interacting substrate, a transcriptional
repressor of PGC-1a, in neurons (42, 43). Therefore, increased
mitochondrial biogenesis in TSG101-TG hearts may be
through enhanced expression of Parkin.

Figure 8. Scheme depicting TSG101-mediated protection against endo-
toxin-induced cardiac dysfunction. TSG101 is bound to Parkin in the cyto-
sol under basal conditions. However, upon endotoxin stress stimuli, Parkin
is translocated to mitochondria with the help of TSG101, where it interacts
with PINK1. This action allows binding of ubiquitin, recruitment of the
autophagy adaptor LC3, and formation of autophagosomes around the
damaged mitochondria. The mitochondria are then targeted to the lyso-
some for degradation.

TSG101 regulates Parkin-mediated mitophagy

18064 J. Biol. Chem. (2019) 294(48) 18057–18068



In conclusion, using gain- and loss-of-function approaches,
we identify TSG101 as a new cardioprotective mediator to mit-
igate endotoxin-triggered cardiac impairment. Elevation of car-
diac TSG101 is able to augment mitophagy in mouse hearts
after LPS challenge, leading to a reduced inflammatory
response and improved cardiac function and animal survival
(Fig. 8). This study may provide new strategies for the treatment
of endotoxemia.

Experimental procedures

Animals

Cardiac-specific TSG101-TG mice (Friend Virus B NIH
background) were generated by the Transgenic Animal and
Genome Editing Core at Cincinnati Children’s Hospital Center
as described previously (26). For this study, we selected to use
the G line of the TSG101-TG mouse model, in which TSG101
was overexpressed by �4-fold (26). The inducible heart-spe-
cific TSG101-KD mice were generated by crossing TSG101fl/fl

female mice with �MHC-MerCreMer male mice to obtain
male heterozygotes (MerCreMer-TSG101fl/�) (26) (complete
knockout of TSG101 in the mouse heart is lethal). The genera-
tion of floxed TSG101 allele mice (TSG101fl/fl, 129/SvJ back-
ground) has been described previously (44). Mice expressing an
inducible Cre recombinase transgene driven by the �MHC pro-
moter (�MHC-MerCreMer) were purchased from The Jackson
Laboratory (stock no. 005657). The MerCreMer-TSG101fl/�

male offspring were injected at 8 –9 weeks of age with tamox-
ifen (Sigma, 30 �g/g) daily, for 3 consecutive days, to induce
knockdown of cardiac TSG101, as described previously (26).
Tamoxifen-injected TSG101fl/� male mice were used as CTRL
mice. TSG101-KD and CTRL mice were utilized for experi-
ments 1 week after the last tamoxifen injection.

All mice used in this study were maintained and bred in the
Division of Laboratory Animal Resources at the University of
Cincinnati Medical Center. Animal experiments conformed to
the Guidelines for the Care and Use of Laboratory Animals
prepared by the National Academy of Sciences, published by
the National Institutes of Health, and were approved by the
University of Cincinnati Animal Care and Use Committee.

Mouse model of endotoxemia

10- to 12-week-old male mice were injected i.p. with Esche-
richia coli LPS (Sigma) at 10 �g/g to induce endotoxemia. Mice
were injected with PBS as a control. The heart tissues were
collected at 0, 6, and 24 h for Western blotting, qRT-PCR and
quantification of mtDNA, mtROS, and cardiac MPO levels.
Serum was collected 6 h after LPS injection for ELISA. Cardiac
function in mice was measured by echocardiography 12 h after
endotoxin challenge. Survival analysis after LPS injection was
monitored every 6 h up to 5 days.

Western blotting and ELISA for cytokines and
myeloperoxidases

Total proteins were extracted from hearts using NP40 lysis
buffer (cOmpleteTM Mini) supplemented with protease inhib-
itor mixture (Roche) according to the manufacturer’s instruc-
tions. Mitochondrion and cytosol fractions were isolated from

freshly harvested mouse heart tissue using the Mitochondria
Isolation Kit for Tissue (Thermo Fisher) according to the man-
ufacturer’s protocol. The concentrations of total, cytosolic, and
mitochondrial protein were determined by protein assay re-
agent (Bio-Rad). Samples (25–100 �g) were loaded to SDS-
PAGE as discussed in detail elsewhere (45). The dilutions and
sources of the primary antibodies used in this study were as
follows: mouse anti-TSG101 (Santa Cruz, 1:1000), PINK1 (Cell
Signaling, 1:1000), Parkin (Cell Signaling, 1:1000), LC3 (Cell
Signaling, 1:500), Mfn1 (Abcam, 1:1000), Mfn2 (Abcam,
1:1000), Drp1 (Cell Signaling, 1:500), and PGC-1a (Proteintech,
1:1000). GAPDH (Cell Signaling, 1:1000) was used as a loading
control for total and cytosolic protein levels. TOM20 (Cell Sig-
naling, 1:1000) was used a loading control for mitochondrial
protein. Western blot bands were quantified by MultiImage II
(AlphaInnotech). The relative target protein levels were nor-
malized to GAPDH. Serum TNF� and IL-6 levels were deter-
mined by commercially available kits (Biolegend) according to
the manufacturer’s protocols. MPO levels were determined in
heart homogenates using a commercial MPO ELISA kit
(Abnova) by following the manufacturer’s instructions.

qRT-PCR analysis and measurement of mtDNA

Total RNA from heart samples was isolated using the miR-
Neasy Mini Kit (Qiagen). The quality and concentration of
RNA was determined using the NanoDrop 2000 system
(Thermo Fisher Scientific). The miScript PCR Starter Kit (Qia-
gen) was used to generate complementary DNA according to
the manufacturer’s protocol. qRT-PCR was performed using
SYBR GreenER qPCR SuperMix (Invitrogen) in a total reaction
volume of 20 �l. All primers were synthesized by Integrated
DNA Technologies. The primer sequences for qRT-PCR anal-
ysis are listed in Table S3. Relative -fold expression for target
genes was calculated by the 2���Ct method relative to the
housekeeping gene GAPDH.

Total DNA was isolated from heart tissues using the DNeasy
Blood and Tissue kit (Qiagen). The subsequent PCR analysis for
quantification of cardiac mtDNA was similar to the qRT-PCR
protocols described above. mtDNA was quantified relative to
nuclear DNA. The primer sequences for measurement of
mtDNA are listed in Table S3.

Quantification of mtROS

The mitochondrial fraction was isolated from freshly har-
vested heart tissue using the Mitochondria Isolation Kit for
Tissue (Thermo Fisher) as described above. The cardiac mito-
chondrial fraction was then subjected to evaluation of ROS
using the AmplexTM Red Hydrogen Peroxide/Peroxidase Assay
Kit (Invitrogen), following the manufacturer’s instructions.

Echocardiography

Cardiac function was assessed in vivo using trans-thoracic
M-model echocardiography (Vevo2100 Imaging System, Visu-
alsonics) with a 15-MHz probe as described previously (26).
Briefly, mice underwent anesthesia by isoflurane (1.5–2.0%).
Parasternal long axis and short axis images were taken and ana-
lyzed with VevoStrain (Vevo 2100, v1.1.7 B1455) software.
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Isolation of neonatal rat cardiomyocytes and immunofluores-
cence staining

Rat neonates (1–3 days old) were anesthetized in an ice bath,
and the hearts were excised under sterile conditions. NRCMs
were isolated using the neonatal cardiomyocyte isolation sys-
tem (Worthington Biochemical Corp.), following the manufa-
cturer’s procedures. NRCMs were cultured in DMEM supple-
mented with 2% FBS and 1% antibiotics (penicillin and
streptomycin). NRCMs were seeded in 3.8-cm2 culture wells
for 48 h. Subsequently, NRCMs were treated with 1 �g/ml LPS
or an equivalent volume of PBS for 3 h, followed by addition of
200 nM MitoTracker (Cell Signaling) for 15 min. NRCMs were
then washed twice with PBS and fixed with cold methanol for
10 min at �20 °C. After fixing, NRCMs underwent permeabili-
zation and blocking in PBS (5% BSA and 0.3% Triton) solution
for 1 h at room temperature, and then cells were incubated with
mouse anti-Parkin antibody (Cell Signaling, 1:100 dilution in
PBS with 1% BSA) and rabbit anti-TSG101 (Proteintech, 1:100
dilution in PBS with 1% BSA) at 4 °C overnight. The next day,
NRCMs were washed and stained with Alexa Fluor 649 goat
anti-mouse IgG (Invitrogen, 1:500) and Alexa Fluor 488 goat
anti-mouse IgG (Invitrogen, 1:500) at room temperature for
1 h. Cells were examined using confocal microscopy.

Transfection of adenoviruses, exosome isolation, and
treatment of RAW264.7 macrophages

NRCMs were isolated and cultured in 2% FBS and 1% antibi-
otics as described above. The cells were transfected with
Ad.TSG101. Ad.TSG101 was acquired from the laboratory of
Dr. G. Paolo Dotto (Massachusetts General Hospital and
Harvard Medical School). NRCMs were transfected with
Ad.GFP as controls. Supernatants from cultured Ad.GFP and
Ad.TSG101 NRCMs were collected on ice and centrifuged at
3000 � g for 20 min to remove any dead cells, followed by
centrifugation at 10,000 � g for 30 min at 4 °C to remove any
cellular debris. Thereafter, supernatants were collected and fil-
tered through 0.22-�m filters, followed by ultracentrifugation
at 100,000 � g (Ti-45 rotor) for 2 h at 4 °C to pellet exosomes.
The exosome pellet was finally washed once with PBS. The
exosome protein concentration was determined by protein
assay reagent (Bio-Rad). Expression of the exosome marker
(CD63) was determined by Western blotting. The size and
quality of exosomes was assessed by dynamic light scattering
using a particle and molecular size analyzer (Zetasizer Nano ZS,
Malvern Instruments).

Exosomes isolated from Ad.TSG101-transfected NRCMs
(TSG101-exo) and Ad.GFP-transfected NRCMs (GFP-exo)
were treated at a dose of 2 �g/ml in mouse macrophage cell line
RAW264.7 (ATCC) for 24 h before macrophages were stimu-
lated with PBS or LPS (0.5 �g/ml) for 6 h. Cells were then
collected for Western blotting, and culture supernatants were
harvested to determine levels of cytokines by ELISA.

Coimmunoprecipitation analysis

500 mg of mouse heart homogenate was solubilized in 1 ml of
NP40 lysis buffer (with protease inhibitor mixture) and pre-
cleared in 50 �l of protein A/G–agarose beads (Cell Signaling)
for 1 h at 4 °C on a rotary wheel. The mixture was then incu-

bated with 1 �g of the corresponding primary antibodies at 4 °C
overnight on a rotary wheel. Immunoprecipitates were col-
lected and washed five times in NP40 lysis buffer. Immunopre-
cipitates were resolved in 2� Laemmli sample buffer and boiled
at 95 °C for 5 min. Eluted proteins from the antibody– bead
conjugate were subjected to SDS-PAGE.

TSG101–Parkin interaction analysis

The different truncations of myc-tagged human TSG101
were a gift from Dr. Tzu-Hao Cheng (National Yang-Ming Uni-
versity) and were generated as described previously (46).
mCherry-Parkin was a gift from Dr. Richard Youle (Addgene
plasmid 23956). The TSG101–Parkin interaction analysis was
performed in HEK293T cells by cotransfection of mCherry-
Parkin and the respective myc-TSG101 truncates, utilizing
Lipofectamine 3000 transfection reagent (Thermo Fisher).
Cells were collected after 72-h culture for Western blotting and
coimmunoprecipitation analysis as described above.

Statistical analysis

Data were expressed as means 	 S.D. Significance was deter-
mined by Student’s t test and one- or two-way analysis of
variance to determine differences within groups where appro-
priate. A log-rank test was used to determine statistical signifi-
cance for the survival analysis. p � 0.05 was considered statis-
tically significant.
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