
Inhibition of hepatocyte autophagy increases tumor
necrosis factor-dependent liver injury by promoting
caspase-8 activation
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Recent investigations have demonstrated a complex interrelationship between autophagy and cell death. A common mechanism
of cell death in liver injury is tumor necrosis factor (TNF) cytotoxicity. To better delineate the in vivo function of autophagy in cell
death, we examined the role of autophagy in TNF-induced hepatic injury. Atg7Dhep mice with a hepatocyte-specific knockout of
the autophagy gene atg7 were generated and cotreated with D-galactosamine (GalN) and lipopolysaccharide (LPS). GalN/LPS-
treated Atg7Dhep mice had increased serum alanine aminotransferase levels, histological injury, numbers of TUNEL (terminal
deoxynucleotide transferase-mediated deoxyuridine triphosphate nick end-labeling)-positive cells and mortality as compared
with littermate controls. Loss of hepatocyte autophagy similarly sensitized to GalN/TNF liver injury. GalN/LPS injury in knockout
animals did not result from altered production of TNF or other cytokines. Atg7Dhep mice had accelerated activation of the
mitochondrial death pathway and caspase-3 and -7 cleavage. Increased cell death did not occur from direct mitochondrial
toxicity or a lack of mitophagy, but rather from increased activation of initiator caspase-8 causing Bid cleavage. GalN blocked
LPS induction of hepatic autophagy, and increased autophagy from beclin 1 overexpression prevented GalN/LPS injury.
Autophagy, therefore, mediates cellular resistance to TNF toxicity in vivo by blocking activation of caspase-8 and the
mitochondrial death pathway, suggesting that autophagy is a therapeutic target in TNF-dependent tissue injury.
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The relationship between the lysosomal, degradative pathway
of macroautophagy and cell death remains unclear. Recent
studies increasingly support the concept that autophagy
functions to prevent rather than promote cell death.1

Autophagy increases in cultured cells in response to cellular
stressors, including death-inducing stimuli. However, it is
often unclear whether the increase in autophagy promotes cell
death, or is an ineffective or partially protective survival
response. Autophagy has been implicated as a mechanism of
cell death from a variety of agents ranging from radiation to
viruses.2,3 In contrast, macroautophagy has been demon-
strated to mediate survival from nutrient deprivation, ische-
mia/reperfusion injury and endoplasmic reticulum stress.4–6

Many of these investigations have been conducted in cultured
cells, and the effects of autophagy on cell death in vivo have
not been delineated. In the liver, a dramatic increase in
hepatocyte autophagy occurs with starvation, but little is
known about how hepatic levels of autophagy are altered in
response to injurious stimuli or modulate hepatocyte cell
death in vivo.7

The tumor necrosis factor (TNF) death pathway is a
common mechanism of cell death in a variety of forms of
tissue injury, including in the liver.8 In certain pathophysiolo-
gical settings, such as toxin-induced liver injury, TNF death
pathway activation occurs during which initiator caspase-8 is
activated and cleaves the pro-apoptotic Bcl-2 family member
Bid into truncated or tBid. Mitochondrial translocation of tBid
triggers the mitochondrial death pathway with release of
cytochrome c and other factors that activate downstream
effector caspases to induce hepatocyte apoptosis.8 Critical
hepatocyte events in this death cascade are the inhibition of
nuclear factor-kB (NF-kB) signaling that leads to c-Jun
N-terminal kinase (JNK) and caspase-8 overactivation.9–11

The ability of autophagy to selectively target damaged
mitochondria for degradation in cultured hepatocytes12

suggests a potential role for autophagy in resisting hepato-
cellular death induced by TNF mitochondrial death pathway
activation in vivo.

A well-established in vivo model of TNF-dependent liver
injury is that resulting from D-galactosamine (GalN) and
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lipopolysaccharide (LPS) cotreatment.13 Subtoxic doses of
the hepatocyte-specific toxin GalN sensitize hepatocytes to
death from LPS-induced TNF. To determine the role of
autophagy in TNF-mediated hepatocyte death in vivo, we
generated an inducible, hepatocyte-specific mouse knockout
of the critical autophagy gene atg7, and examined the effects
of a loss of autophagy on GalN/LPS liver injury. Inhibition of
autophagy increased liver injury and hepatocyte apoptosis by
amplifying caspase-8 and mitochondrial death pathway
activation. GalN also blocked the normal hepatic induction
of autophagy in response to LPS, and a genetic increase in
autophagy blocked GalN/LPS injury. These findings demon-
strate a critical function for autophagy in hepatocyte resis-
tance to TNF-mediated cell death in vivo, and indicate that
levels of autophagy may be an important determinant of the
extent of tissue injury from TNF toxicity.

Results

Generation of an inducible hepatocyte-specific atg7
knockout mouse. A global knockout of the autophagy gene
atg5 or atg7 results in post-natal lethality.14,15 Therefore, the
in vivo effects of a loss of autophagy must be investigated in
Cre-lox knockout mice. Hepatocyte atg7 has been knocked
out shortly after birth by a constitutively expressed albumin
promoter-driven Cre.16 However, spontaneous hepatome-
galy and concomitant hepatitis develop rapidly after birth in
these mice, making this model unsuitable for investigations
of liver injury. Other studies have employed an inducible atg7
knockout using the Mx1-driven Cre recombinase;15 however,
this promoter is neither hepatocyte nor liver specific.17 To
inhibit hepatocyte autophagy in adult mice, a tamoxifen-
inducible, albumin promoter-driven knockout of atg7 was
generated by crossing Atg7F/F mice15 with ERt-albumin-Cre

mice18 to produce ERt-albumin-Cre-Atg7F/F or Atg7Dhep
mice. Atg7 protein was present in the livers of both Cre-
negative and -positive uninjected mice, and was absent in
tamoxifen-injected Cre-positive, but not Cre-negative, livers
by immunoblotting (Supplementary Figure 1S). Tamoxifen
induced a hepatocyte-specific knockout of Atg7 as indicated
by the selective loss of Atg7, its downstream conjugate Atg5/
12 and microtubule-associated protein 1 light chain 3 (LC3)-II
along with a compensatory increase in LC3-I in the liver, but
not in the kidney (Supplementary Figure 1S) or other organs
(data not shown). The livers of Atg7Dhep mice had no
evidence of liver injury for 2 weeks following tamoxifen
injection, as indicated by normal serum alanine aminotrans-
ferase (ALT) levels (Figure 1a) and histology (Figure 1b).

Inhibition of hepatocyte autophagy sensitizes to TNF-
dependent liver injury. To determine the function of
autophagy in TNF-mediated organ injury, TNF-dependent
liver injury from cotreatment with the hepatotoxin GalN and
LPS was examined in Atg7Dhep mice. Littermate control and
Atg7Dhep mice were tamoxifen injected and administered
GalN/LPS 5 days later. GalN/LPS liver injury is normally first
detectable at 4 h, becomes significant at 6 h and causes
lethality after 6 h. Consistent with this time course of injury,
serum ALTs in GalN/LPS-treated littermate controls were
normal at 1 and 2 h (Figure 1a), minimally increased at 4 h
and markedly elevated by 6 h (Figure 1c). In contrast, serum
ALTs in Atg7Dhep mice were increased within 1 h of
treatment and significantly elevated over those in littermate
controls at all time points (Figures 1a and c). Blinded, semi-
quantitative, histological grading confirmed that Atg7Dhep
mice had significant liver injury within 1 h, and that their injury
was greater than that in control mice at all times (Figures 1b,
2a and b). Increased injury was associated with greater cell

Figure 1 Inhibition of hepatocyte autophagy increases GalN/LPS liver injury. (a) Serum ALT levels in littermate controls (Con) and Atg7Dhep (KO) mice untreated (0 h)
and at 1 and 2 h after GalN/LPS administration (*Po0.001 as compared with control mice; n¼ 9–10). (b) Histological grade of liver injury in untreated and GalN/LPS-treated
mice (*Po0.03 as compared with control mice; n¼ 5–7). (c) Serum ALT levels at 4 and 6 h (*Po0.0001 as compared with control mice; n¼ 5–10). (d) Numbers of
TUNEL-positive cells per high power field (HPF; *Po0.05; **Po0.006; n¼ 3–8). (e) Histological grade of hepatic inflammation (*Po0.02 as compared with control mice;
n¼ 5–7). (f) Survival curve after GalN/LPS treatment (Po0.001; n¼ 14–31)
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death in knockout mouse livers. Terminal deoxynucleotide
transferase-mediated deoxyuridine triphosphate nick end-
labeling (TUNEL) staining revealed increased numbers of
TUNEL-positive cells in the livers of Atg7Dhep mice at all
times with the most pronounced effects at 4 and 6 h (Figures
1d and 2c–f). In contrast to findings for injury and death, the
histological degree of inflammation was equivalent with the
exception of an increase in knockouts at 1 h, a time when
injury had not yet occurred in control mice (Figure 1e).

GalN/LPS-treated Atg7Dhep mice have increased
mortality. GalN/LPS injury can trigger fulminant hepatic
failure and death. To determine whether an inhibition of auto-
phagy affected mortality, long-term survival after GalN/LPS
was examined. Within 6 h of GalN/LPS administration, 50% of
the Atg7Dhep mice had died, whereas all control mice were

still alive (Figure 1f). Almost all Atg7Dhep mice were dead
within 24 h, but 30% of control mice survived for 48 h
(Figure 1f). An inhibition of hepatocyte autophagy, therefore,
led to both increased liver injury and mortality from GalN/LPS.

Loss of autophagy did not alter macrophage cytokine
production. GalN/LPS liver injury results from GalN-
mediated hepatocyte sensitization to cytotoxicity from LPS-
induced TNF.13 The fact that the studies were performed in a
hepatocyte-specific autophagy knockout suggested that the
likely mechanism of increased GalN/LPS injury was
decreased hepatocyte resistance to TNF toxicity. However,
to exclude the possibility of an effect on macrophage-
produced TNF, hepatic cytokine induction by GalN/LPS
was assayed by real-time PCR. TNF mRNA induction after
GalN/LPS treatment was equivalent in control and knockout

Figure 2 Knockout livers have increased histological liver injury and TUNEL staining. Hematoxylin and eosin stained liver sections from control (a) and knockout (b) mice
4 h after GalN/LPS administration. TUNEL staining in control (c, e) and knockout (d, f) livers at 2 h (c, d) and 4 h (e, f) after GalN/LPS. Magnifications for all, � 400

Figure 3 Cytokine induction by GalN/LPS is equivalent in control (Con) and knockout (KO) mice. (a) Relative TNF mRNA levels determined by real-time PCR in Con and
KO mice at the indicated hours after GalN/LPS administration (n¼ 5-6). (b) Immunoblots of total liver protein from Con and KO mice untreated or treated with GalN/LPS (G/L)
for the indicated times, and probed for TNF-receptor type 1 (TNFR1) and tubulin as a loading control. Relative mRNA levels in the same mice for IFNg (c), IL-6 (d) and IL-1b (e)
(n¼ 5–6)
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mice (Figure 3a). In addition, TNF-receptor type I protein
levels were unchanged in the knockout mice (Figure 3b).
LPS-induced mRNA levels of interferon-g (Figure 3c), inter-
leukin (IL)-6 (Figure 3d) and IL-1b (Figure 3e) were similarly
unaffected by the loss of hepatocyte autophagy. Increased
liver injury and mortality in Atg7Dhep mice did not result from
altered LPS cytokine induction, consistent with a hepatocyte
mechanism for the increase in injury.

Atg7Dhep mice have accelerated mitochondrial death
pathway activation. Hepatic toxicity from GalN/LPS occurs
through the classical TNF death cascade of caspase-8-
mediated Bid cleavage, mitochondrial death pathway activa-
tion, cytochrome c release, effector caspase cleavage and
apoptosis. TUNEL evidence of increased apoptosis in
Atg7Dhep mice (Figure 1d) suggested that the loss of
autophagy promoted death through this pathway. An
examination of mitochondrial death pathway activation
demonstrated accelerated activation in Atg7Dhep mice with
increased levels of tBid, the active truncated form of Bid that

triggers the mitochondrial death pathway in hepatocytes19

and decreased levels of cytochrome c in mitochondrial
protein isolates of knockout mice 4 h after GalN/LPS
(Figure 4a). Increased levels of tBid and cytochrome c were
also detected at 4 h in the cytosolic fractions from knockout
mice (Figure 4b).

Mitochondrial cytochrome c release initiates cleavage of
downstream effector caspases that mediate cell death. In
parallel with increased mitochondrial cytochrome c release,
high levels of the active, cleaved forms of effector caspases 3
and 7 were detected at 4 h in the livers of GalN/LPS-treated
Atg7Dhep mice but not in littermate controls (Figure 4c).
Increased caspase activity was confirmed by the finding of
cleavage of the caspase substrate poly (ADP-ribose) poly-
merase (PARP) in the same livers (Figure 4c). Loss of
hepatocyte autophagy increased apoptosis from GalN/LPS by
accelerating activation of the mitochondrial death pathway
and effector caspases.

Loss of hepatocyte autophagy sensitizes to liver injury
from GalN/TNF. To ensure that increased liver injury from
GalN/LPS represented sensitization to death from TNF, the
effects of the loss of autophagy on injury from GalN/TNF
were examined. GalN/TNF-treated knockout mice had a 10-
fold increase in ALT levels over those in control mice at 4 h
(Figure 5a). Commensurate with the elevated ALT were
increases in TUNEL staining (Figure 5b–d), caspase-3
and -7 activation and PARP cleavage (Figure 5e). Consistent
with findings for TNF-dependent GalN/LPS injury, hepato-
cytes lacking autophagy were sensitized to injury and death
from TNF.

Mitochondrial function and number are unaffected by
the loss of autophagy. Mitochondrial dysfunction can
promote cell death through a loss of energy homeostasis or
the generation of excessive oxidative stress. Autophagy
supplies substrates for energy production,7 and our previous
studies demonstrated that autophagy is critical to maintain
levels of ATP required for hepatocyte resistance to oxidant
stress.20 Loss of hepatocyte autophagy did not impair cellular
energy stores, as ATP levels were equivalent in GalN/LPS-
treated control and Atg7Dhep mice (Figure 6a). Levels of the
principal hepatic antioxidant glutathione (GSH) were eval-
uated to assess oxidative stress. Hepatic GSH levels
decreased significantly at 2–4 h after GalN/LPS administra-
tion, but the reduction was similar in control and knockout
mice (Figure 6b). Mitochondrial GSH levels were unaffected
by GalN/LPS treatment and equivalent in the two types of
mice (Figure 6c).

The selective removal of damaged mitochondria by
mitophagy may prevent cytochrome c release and cell
death.12 To examine whether impaired mitophagy was a
mechanism of TNF-sensitization in knockout mice, relative
mitochondria number was determined by hepatic mitochon-
drial protein and DNA content. Total hepatic protein levels of
cytochrome c and cytochrome oxidase were equivalent in
untreated and 1 and 2 h GalN/LPS-treated control and
knockout mice, consistent with equal numbers of mitochon-
dria in the absence or presence of autophagy (Figure 6d).
Levels of cytochrome c were decreased in 4 h-treated

Figure 4 Knockout (KO) mice have increased activation of the mitochondrial
death pathway. (a) Immunoblots of mitochondrial protein isolates from control (Con)
and KO mice untreated or treated with GalN/LPS (G/L) for 2 or 4 h. The proteins
were probed for truncated Bid (tBid), cytochrome c (Cyt c) and cytochrome oxidase
(Cyt ox) as a loading control. (b) Cytosolic fractions from the same mouse livers
immunoblotted for tBid, Cyt c and tubulin as a loading control. (c) Immunoblots of
total hepatic protein from untreated and 4 h GalN/LPS-treated mice for caspase-3
(Casp 3), caspase-7 (Casp 7), PARP and tubulin. Arrows indicate the procaspases
(Pro), the cleaved caspase-3 (p17) and -7 (p30 and p19) forms, and the intact
(p115) and cleaved (p85) forms of PARP. Results are representative of three
independent experiments
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knockout mice, and to a lesser extent in control mice, due to
release and degradation of this protein from mitochondrial
death pathway activation as indicated by unchanged levels of
cytochrome oxidase (Figure 6d). Equivalent mitochondrial
number was confirmed by similar ratios of hepatic mitochon-
drial to nuclear DNA content in control and knockout mice
(Figure 6e). The mechanism by which the loss of autophagy
sensitized hepatocytes to GalN/LPS injury was not impaired
energy homeostasis, increased oxidant stress or an absence
of mitophagy.

Atg7Dhep mice have increased caspase-8 activation.
The absence of primary mitochondrial dysfunction, together
with increased Bid cleavage, suggested that loss of
autophagy might promote hepatocyte caspase-8 activation
to increase Bid cleavage and mitochondrial death pathway
activation. Low levels of hepatic caspase-8 activity were
detectable in controls at 2 and 4 h after GalN/LPS, but activity
was markedly increased in knockout mouse livers at these
times (Figure 6f). By 6 h, caspase-8 activity was equivalently
elevated in control and knockout mice (Figure 6f). Immuno-
blots confirmed that the active, cleaved p18 and p10 forms of
caspase-8 were increased in the livers of GalN/LPS-treated
Atg7Dhep mice (Figure 6g). Loss of autophagy, therefore, led
to increased caspase-8 activation that accelerated Bid
cleavage and mitochondrial death pathway activation.

JNK activation is increased in Atg7Dhep mice. NF-kB
and JNK signaling regulate TNF-induced death,8 and our
prior studies demonstrated that inhibition of autophagy
increases hepatocyte JNK activation from oxidant stress.20

NF-kB promotes cellular resistance to TNF cytotoxicity,
whereas JNK overactivation sensitizes hepatocytes to death

from TNF.10,11 In GalN/LPS liver injury, JNK overactivation
promotes caspase-8 cleavage.21,22 Rapid NF-kB activation
occurred in both control and Atg7Dhep mice as indicated by
total degradation of the NF-kB inhibitory protein IkB within 1 h
of GalN/LPS (Figure 7a). Loss of autophagy amplified JNK
activation from GalN/LPS as reflected by increased levels of
phosphorylated JNK and its downstream substrate c-Jun
(Figure 7a). Total JNK and c-Jun levels were unaffected
(Figure 7a). One mechanism by which JNK may promote
caspase activation is by increasing degradation of the
caspase-8 inhibitor cellular FLICE-like inhibitor protein (c-
FLIP).21,23 Levels of c-FLIPL were decreased in Atg7Dhep
mice, but not until 4 h after GalN/LPS treatment (Figure 7b), a
time after the initial increase in caspase-8 activity and injury.
Levels of anti-apoptotic cellular inhibitor of apoptosis (cIAP) 1
and 2 were unchanged by GalN/LPS or the loss of autophagy
(Figure 7b).

GalN blocks the induction of autophagy by LPS.
Although basal levels of autophagy regulate cell function,
autophagy increases with cell stress. One stressor is LPS,
which induces autophagy in various cells, including hepato-
cytes.24 We examined whether LPS and/or GalN altered
hepatic autophagy by in vivo leupeptin injection to measure
autophagic flux.25 Untreated mouse livers had low basal
levels of autophagy as demonstrated by the slight increase in
LC3-II protein following leupeptin injection (Figure 7c).
Leupeptin induced a marked increase in LC3-II in LPS-
treated mice, indicating an LPS induction of autophagy
(Figure 7c). In contrast, leupeptin failed to increase LC3-II in
GalN/LPS-injected mice over levels seen in control mice not
injected with GalN/LPS (Figure 7c), demonstrating that GalN
blocked the induction of autophagy by LPS. Quantification of

Figure 5 Liver injury from GalN/TNF is increased in knockout (KO) mice. (a) Serum ALT levels in littermate control (Con) and KO mice 4 h after GalN/TNF treatment
(*Po0.001 as compared with control mice; n¼ 6-7). (b) TUNEL staining of control mouse liver 4 h after GalN/TNF. (c) TUNEL staining of 4 h GalN/LPS-treated KO liver. (d)
Numbers of TUNEL-positive cells per high power field (HPF; *Po0.001 as compared with control mice; n¼ 3-4). (e) Immunoblots of total hepatic protein from untreated and
4 h GalN/TNF-treated Con and KO mice for caspase-3 (Casp 3), caspase-7 (Casp 7), PARP and tubulin. Arrows indicate the procaspases (Pro), the cleaved caspase-3 (p17)
and -7 (p30 and p19) forms, and the intact (p115) and cleaved (p85) forms of PARP
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autophagic flux by densitometric scanning of the LC3-II band
intensities, and calculation of the ratios of LC3-II in leupeptin-
injected to uninjected livers, confirmed an LPS-induced
increase in autophagic flux that was blocked by GalN
(Figure 7d). Basal autophagic function was maintained in
GalN/LPS-treated livers, as levels of autophagic flux were
only slightly decreased over those in control mice
(Figure 7d), and no increase occurred in the autophagy-
degraded protein p62 (Figure 7c).

To examine the mechanism by which GalN blocked the
LPS-inducible increase in autophagy, the effect of GalN on the
regulatory components of the autophagic pathway were
determined. Levels of critical mediators of autophagy,
including Atg4, Atg7, Atg5/12 and beclin 1, were unchanged
by LPS or GalN/LPS treatment (Figure 7e). Similarly, the
treatment neither altered the activation of mammalian target
of rapamycin (mTOR), a major inhibitor of autophagy,26 as
determined by levels of phospho-mTOR (Figure 7e). How-
ever, adenosine monophosphate-activated protein (AMPK),
which positively regulates autophagy,27 was activated by LPS
as demonstrated by increased Thr-172 phosphorylation, and
this activation was blocked by GalN (Figure 7e). This inhibitory
effect of GalN on AMPK may mediate the block in induction of
autophagy by LPS.

Increased autophagy prevents GalN/LPS liver injury.
The block in autophagy by GalN suggested that this effect
may be a mechanism by which this hepatotoxin sensitizes
the liver to LPS/TNF injury. To examine this possibility, we
determined whether increased levels of autophagy protect
against GalN/LPS injury. Studies have established that
adenoviral overexpression of the autophagy genes atg7
and beclin 1 increases hepatic autophagy.28,29 To avoid
adenoviral immune effects, we generated a beclin-1-express-
ing recombinant adeno-associated virus (rAVV). Mice were
infected with a promoterless LacZ control rAAV or the beclin-
1-expressing rAAV, and 4 weeks later, were treated with
GalN/LPS. The beclin 1 rAAV was effective in increasing
hepatic beclin 1 protein levels (Figure 8a). Beclin 1 over-
expression reduced GalN/LPS liver injury as demonstrated by
decreased serum ALT levels (Figure 8b), histological evi-
dence of liver injury (Figure 8c) and TUNEL staining
(Figure 8d). Increased autophagy blocked mitochondrial
death pathway activation (Figure 8e) due to inhibition of
caspase-8 and Bid cleavage (Figure 8f). As a result, effector
caspase and PARP cleavage was inhibited in beclin-1-
expressing mice (Figure 8a). Basal levels of autophagy
are therefore insufficient to protect against GalN/LPS-induced
injury, indicating that GalN sensitizes the liver to TNF injury by

Figure 6 Mitochondrial death pathway activation in the absence of autophagy results from increased caspase-8 activation. (a) Relative ATP levels in the livers of control
(Con) and knockout (KO) mice at the indicated hours after GalN/LPS treatment (n¼ 3-4). (b) Total hepatic GSH levels in Con and KO mice after GalN/LPS treatment (n¼ 3).
(c) Mitochondrial GSH levels in identically treated mice (n¼ 2-3). (d) Total liver protein homogenates from untreated and GalN/LPS-treated mice immunoblotted for
cytochrome c (Cyt c) and cytochrome oxidase (Cyt ox). (e) Ratio of mitochondrial to nuclear DNA in the livers of the same animals (n¼ 3-5). (f) Relative caspase-8 activity as
measured by optical density (O.D.) at 405 nm in the two types of mice treated with GalN/LPS for the indicated times (*Po0.003; n¼ 4-5). (g) Immunoblots of hepatic cellular
protein isolates from untreated and GalN/LPS-treated mice probed for caspase-8. The three images are different exposures of the same immunoblot. The procaspase (Pro)
and cleaved (p18 and p10) forms of caspase-8 are indicated by arrows. Immunoblots are representative of findings from 3 independent experiments
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blocking the normally protective induction of autophagy by
LPS.

Discussion

Delineating the mechanisms of TNF-induced cell death is
critical to understanding a variety of pathophysiological
conditions ranging from inflammation to cancer. Resistance
to TNF cytotoxicity is particularly important in the liver where
hepatocyte sensitization to TNF-induced death underlies
many forms of hepatic injury.8 However, the cellular pathways
that mediate TNF resistance in hepatocytes, and nontrans-
formed cells in general, remain unclear. The present study
identifies an essential function for autophagy in protection
against TNF toxicity in vivo. Inhibition of hepatocyte auto-
phagy led to increased liver injury, hepatocyte death
and mortality from TNF-dependent toxic liver injury. The
mechanism of injury was decreased hepatocyte resistance to
TNF, as the findings were derived from a hepatocyte-specific
knockout in which macrophage activation and cytokine
production was unaffected. Death resulted from overactiva-
tion of caspase-8 and the mitochondrial death pathway,
indicating that autophagy has a critical gatekeeper function in
the extrinsic death pathway.

Recent in vitro investigations have demonstrated discor-
dant but mainly pro-apoptotic effects of autophagy on
caspase-8. The ability of autophagy to block T-cell death
has been attributed to autophagic degradation of apoptotic
proteins, including caspase-8.30 In contrast, studies in atg5
knockout fibroblasts have indicated that components of the
autophagosome complex with caspase-8 to promote its
activation.31 In transformed cells with Bcl-2 overexpression
and a block in proteasomal degradation, autophagy also
promoted caspase-8 activation.32 Although these studies
have already suggested a role for autophagy in caspase-8
regulation, they have mainly indicated that autophagy
increases caspase-8 activation and cell death.

An advantage of the present investigations is that they
examined autophagic function in the TNF-dependent extrinsic
death pathway in normal cells in vivo. In GalN/LPS and
GalN/TNF liver injury, hepatocytes die from mitochondrial
death pathway induction and caspase-dependent apoptosis.
In the absence of autophagy, hepatocyte apoptosis from TNF
was increased. Loss of hepatocyte autophagy amplified the
TNF-dependent extrinsic death pathway as indicated by
accelerated mitochondrial cytochrome c release, downstream
effector caspase activation and PARP cleavage. Mitochon-
drial ATP content, GSH levels and number were unaffected by
the loss of autophagy, indicating that primary mitochondrial

Figure 7 Knockout (KO) mice have increased JNK activation and GalN blocks the induction of autophagy by LPS. (a) Total liver protein from control (Con) and KO mice
untreated or treated with GalN/LPS (G/L) for the hours shown and immunoblotted for the total or phosphorylated (P-) forms of the indicated proteins. (b) Immunoblots of the
same hepatic protein samples probed for the proteins shown. (c) Immunoblots of total liver protein from wild-type mice untreated or treated with LPS alone or GalN/LPS for 4 h.
Some mice were also injected with leupeptin (Leup) 2 h before killing. Proteins were probed for LC3, p62 and tubulin, and the LC3-I and -II forms are labeled with arrows.
(d) Quantification of the ratio of LC3-II in leupeptin-injected to uninjected Con, LPS-treated (LPS) and GalN/LPS-treated (G/L) mouse livers by densitometric scanning of
immunoblots (*Po0.004 as compared with control; **Po0.02 as compared with LPS-injected; n¼ 4). (e) Immunoblots of total hepatic protein from wild-type mice untreated
or treated with LPS or GalN/LPS and probed for the indicated total or phosphorylated (P-) proteins. Results are representative of three independent experiments
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damage did not initiate death. Rather, mitochondrial death
pathway activation occurred following early and increased
caspase-8 activation, demonstrating that autophagy modu-
lates upstream initiator caspase activation.

Investigations by our laboratory and others have estab-
lished that hepatocellular TNF resistance is dependent on
NF-kB downregulation of lethal JNK overactivation.10,11 JNK
promotes caspase-8 cleavage.22 We previously reported that
loss of hepatocyte autophagy promotes JNK activation from
oxidant stress.20 In TNF-induced injury, the absence of
autophagy similarly led to increased JNK/c-Jun signaling,
which likely promoted caspase-8 activation. The caspase-8
inhibitor c-FLIPL is a JNK-regulated factor implicated in
hepatocyte TNF resistance,21 and c-FLIPL levels were
decreased in GalN/LPS-treated Atg7Dhep mice. Although
effects on c-FLIPL may partially explain the present findings,
changes in c-FLIPL were detected at 4 h, a time after which
caspase-8 activation had begun. Thus, other as yet uni-
dentified JNK-regulated factors altered by the loss of
autophagy might have a role in caspase-8 overactivation.

These findings increase our understanding of the crosstalk
between autophagy and cell death by identifying a critical role
for autophagy in blocking apoptosis at the level of initiator
caspase activation. A number of studies have shown that the
two pathways modulate each other’s activity, but most have
demonstrated regulation of autophagy by components of the
apoptotic pathway. For example, Fas-associated death
domain protein and caspase-8 have been reported to regulate
autophagy to promote apoptosis from IFNg and TRAIL.33,34 In
contrast, the present study, together with other recent
investigations,30–32 demonstrates that autophagy directly
controls activation of components of the apoptotic pathway.

GalN blocked the induction of hepatic autophagy by LPS,
suggesting that this increase may be a mechanism of
hepatic resistance to TNF cytotoxicity. That GalN sensitizes
to TNF-induced liver injury by blocking the protective
upregulation of autophagy was proven by the ability of a
beclin-1-mediated increase in autophagy to decrease
GalN/LPS liver injury. The level of basal autophagic function
remaining after GalN/LPS treatment is partially protective as
demonstrated by the fact that a complete inhibition of
autophagy in atg7 knockout mice significantly worsened injury
from GalN/LPS. Hepatic autophagic function decreases in
settings, such as steatosis and aging.16,35 If basal levels of
autophagy mediate hepatic resistance to TNF toxicity, then
these conditions that impair autophagic function may render
the liver vulnerable to TNF-induced cell death. Consistent with
this possibility is that TNF mediates hepatocellular injury in
steatosis.36 The mechanism of the block of an LPS induction
of autophagy by GalN remains to be further defined, but
may result from GalN’s inhibition of AMPK, a known stimulator
of autophagy.27

There has been a significant scientific emphasis on the role
of autophagy in preventing chronic tissue injury, resulting from
the aggregation of abnormal proteins as occurs in many
neurodegenerative diseases.37 In the liver, pharmacological
induction of autophagy reduces hepatic fibrosis in chronic liver
injury, resulting from the cellular aggregation of mutant a1-
antitrypsin.38 Our findings demonstrate an equally important
in vivo function for autophagy in acute cytokine-mediated
tissue injury as a critical inhibitor of mitochondrial death
pathway activation. The development of new agents to
acutely induce autophagy may be a valuable therapeutic
approach in these diseases as well.

Figure 8 Beclin-1-induced increase in autophagy prevents liver injury from GalN/LPS. (a) Mice were infected with the control LacZ or beclin-1-expresssing rAAV and
left untreated or treated with GalN/LPS (G/L) for 5 h. Total liver protein was immunoblotted for beclin 1, caspase-3 (Casp 3), caspase-7 (Casp 7), PARP and tubulin.
Arrows indicate the procaspases (Pro), the cleaved caspase-3 (p17) and -7 (p30 and p19) forms, and intact (p115) and cleaved (p85) PARP. (b) Serum ALT levels at 5 h after
GalN/LPS treatment (*Po0.02 as compared with control mice; n¼ 7–11). (c) Histological grade of liver injury in the same mice (*Po0.0005 as compared with control mice;
n¼ 7–11). (d) Numbers of TUNEL-positive cells per high power field (HPF; *Po0.001; n¼ 3). (e) Mitochondrial protein isolates from rAAV-infected mice untreated or treated
with GalN/LPS (G/L) for 5 h and probed for truncated Bid (tBid), cytochrome c (Cyt c) and cytochrome oxidase (Cyt ox) as a loading control. (f) Immunoblots of cytosolic protein
from the same mice immunoblotted for caspase-8 and the other indicated proteins. The procaspase and cleaved caspase-8 images are different exposures of the same
immunoblot. Results are representative of two independent experiments
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Materials and Methods
Animal model. Mice were maintained under 12 h light/dark cycles with
unlimited access to food and water. All studies were performed in 10- to 14-week-
old male mice. C57BL/6 mice were used as wild-type mice. Atg7F/F mice15

containing floxed alleles for the autophagy gene atg7 were crossed with ERt-
albumin-Cre mice18 with a tamoxifen-inducible, albumin promoter-driven cre
recombinase to generate ERt-albumin-Cre-Atg7F/F or Atg7Dhep mice. Both types
of transgenic mice were on a C57BL/6 background. Genotypes were confirmed by
PCR, with established primers. To activate Cre expression and generate mice with
a hepatocyte-specific knockout of atg7, Atg7Dhep mice were injected
intraperitoneally with 0.1 mg of tamoxifen (Sigma, St Louis, MO, USA) daily for
5 consecutive days, as previously described.39 Controls for all experiments with
Atg7Dhep mice were littermate Atg7F/F male mice lacking the Cre transgene,
which were identically injected with tamoxifen. Studies on transgenic mice were
performed 5 days post-tamoxifen treatment.

Liver injury was induced by intraperitoneal injections of 100mg/kg of LPS (E. coli
0111:B4) and 700 mg/kg of GalN (Sigma) dissolved in phosphate-buffered saline,
as previously performed.40 Some mice were injected with the same dose of LPS
alone. Mice were also injected intravenously with 10 mg/kg of mouse recombinant
TNF (R&D Systems, Minneapolis, MN, USA) 30 min after GalN treatment.

Autophagic flux was determined by comparing hepatic LC3-II levels on
immunoblots between mice injected intraperitoneally with saline or leupeptin
(Fisher, Pittsburgh, PA, USA) at 40 mg/kg 2 h before killing, as previously
described.25 All animal studies were approved by the Animal Care and Use
Committee of the Albert Einstein College of Medicine, and followed the National
Institutes of Health guidelines for animal care.

Protein isolation and western blotting. Total liver protein and
mitochondrial and cytosolic protein fractions were isolated as previously
described.22,40 Protein concentrations were determined by the Bio-Rad (Hercules,
CA, USA) protein assay, and western blotting preformed as previously
described.22 Membranes were exposed to antibodies that recognized c-FLIP,
cIAP 1 and 2, total JNK1 and JNK2, total c-Jun, PARP, TNF-receptor 1, IkB
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), phosphorylated JNK 1 and
JNK2, phosphorylated c-Jun, LC3, Atg7, beclin 1, phosphorylated and total mTOR,
phosphorylated and total AMPK, caspase-3, caspase-7, tubulin, beclin 1 (Cell
Signaling, Beverly, MA, USA), caspase-8 (R&D Systems), Atg5 (Novus, Littleton,
CO, USA), Atg4 (Sigma), cytochrome oxidase, b-actin (Abcam, Cambridge, MA,
USA), cytochrome c (BD Biosciences, San Jose, CA, USA), p62 (Enzo, Plymouth
Meeting, PA, USA) and Bid (kind gift of Xiao-Ming Yin, University of Indiana).
Western blot signals were quantitated by a FluorChem densitometer (Alpha
Innotech, San Leonardo, CA, USA).

ALT assay. Serum ALTs were measured by commercial kit (TECO Diagno-
stics, Anaheim, CA, USA).

Histology. Livers were fixed in 10% neutral formalin, stained with hematoxylin
and eosin, and graded in a blinded fashion by a single pathologist for the degree
of liver injury and inflammation. The percentage of hepatic parenchyma with
apoptosis/necrosis or inflammation was semiquantitatively graded on a sliding
scale of: 0, absent; 0.5, minimal; 1, mild; 1.5, mild-to-moderate; 2, moderate; 2.5,
moderate-to-marked; and 3, marked.

TUNEL assay. TUNEL-positive cells in liver sections were detected with the
commercial kit DeadEnd Colorimetric System (Promega, Madison, WI, USA).
Tissue sections were deparaffinized in xylene, gradually rehydrated in decreasing
concentrations of ethanol, and the assay performed according to the
manufacturer’s instructions. Under light microscopy, the numbers of TUNEL-
positive cells in 10 randomly selected high power fields (� 400 magnification)
were counted per liver section.

Real-time reverse-transcription PCR. Total liver RNA was isolated
using the commercial kit RNeasy Plus (QIAGEN, Valencia, CA, USA). Reverse
transcription was carried out with 1 mg of RNA in an Eppendorf Mastercycler
(Hamburg, Germany) using a high-capacity cDNA reverse transcription kit (ABI,
Foster City, CA, USA). Annealing of primers was done at 25 1C for 10 min,
followed by elongation at 37 1C for 2 h and inactivation of the enzyme at 85 1C for
5 min. Negative controls (no added transcriptase) were performed in parallel. PCR
for TNF, interferon-g, IL-6, IL-1b and glyceraldehyde 3-phosphate dehydrogenase

(GAPDH) was performed in triplicate in a 7500 Fast Real-Time PCR System (ABI).
The primer sequences in Supplementary Table S1 were purchased from
Integrated DNA Technologies (Coralville, IA, USA). PCR was carried out using
Power SYBR Green Master Mix (ABI). Taq polymerase was activated at 95 1C for
10 min. The cycling parameters were denaturation at 95 1C for 30 s and extension
at 60 1C for 1 min (for 40 cycles). Data analysis was performed using the 2�DDCT

method for relative quantification. All samples were normalized to GAPDH.

ATP assay. Liver ATP content was measured with a commercial kit (Biovision,
Milpitas, CA, USA), normalized to protein concentration and expressed as levels
relative to untreated control samples.

GSH assay. The 5,50-dithiobis (2-nitrobenzoic acid)–GSH disulfide recycling
assay was used for the determination of total GSH in whole livers and
mitochondrial GSH in isolated mitochondria, as previously described.41 Values
were normalized to protein content.

Mitochondrial DNA content. Total liver DNA was isolated using the
commercial kit DNeasy Blood & Tissue (QIAGEN). Real-time PCR for the
cytochrome c1 and 18S rRNA genes was performed as described above, using
the primers in Supplementary Figure S1. Mitochondrial DNA content was
quantified by normalizing values for the cytochrome c1 gene (mitochondrial DNA)
to that for the 18S rRNA gene (nuclear DNA).

Caspase-8 activity. Caspase-8 activity was measured with a colorimetric
commercial kit (R&D Systems). Livers were homogenized in lysis buffer with a
dounce homogenizer. Reactions were carried out on a standard amount of protein
at 37 1C for 2 h, and the optical density measured on a microplate reader at a
wavelength of 405 nm.

rAAV generation. The open reading frame of human beclin 1 gene
(NM_003766) was inserted into pAAV expression vector driven by a CMV-
enhanced chick b-actin promoter,42 confirmed by gene sequencing, and
cotransfected with AAV-8 packaging plasmid and adenovirus helper plasmid into
AAV-293 cells. The rAAV particles were collected and purified by cesium chloride
gradient centrifugation and titered, as previously described.42 Six-week-old mice
were injected intravenously via the tail vein with 3� 1011 gene copies of the beclin
1 rAAV or a promoterless LacZ rAAV as a control. Some mice were then
administered GalN/LPS at 10 weeks of age.

Statistical analysis. Numerical results are reported as means±S.E. and are
derived from at least three independent experiments unless otherwise indicated.
The unpaired Student’s t-test was used to assess significance between control
and treated groups. Survival rates were compared by the Cox proportional
hazards model. Statistical significance was defined as Po0.05.
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