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Abstract
The function of the lysosomal degradative pathway of autophagy in cellular injury is unclear as
findings in nonhepatic cells have implicated autophagy as both a mediator of cell death and as a
survival response. Autophagic function is impaired in steatotic and aged hepatocytes, suggesting
that in these settings hepatocellular injury may be altered by the decrease in autophagy. To
delineate the specific function of autophagy in the hepatocyte injury response, the effects of
menadione-induced oxidative stress were examined in the RALA255-10G rat hepatocyte line
when macroautophagy was inhibited by an shRNA-mediated knockdown of the autophagy gene
atg5. Inhibition of macroautophagy sensitized cells to apoptotic and necrotic death from normally
nontoxic concentrations of menadione. Inhibition of macroautophagy led to overactivation of the
c-Jun N-terminal kinase (JNK)/c-Jun signaling pathway that induced cell death. Death occurred
from activation of the mitochondrial death pathway with cellular ATP depletion, mitochondrial
cytochrome c release and caspase activation. Sensitization to death from menadione occurred
despite up regulation of other forms of autophagy in compensation for the loss of
macroautophagy. Chaperone-mediated autophagy (CMA) also mediated resistance to menadione
as CMA inhibition sensitized cells to death from menadione through a mechanism different from
that of a loss of macroautophagy as death occurred in the absence of JNK/c-Jun overactivation or
ATP depletion.

Conclusion—Hepatocyte resistance to injury from menadione-induced oxidative stress is
mediated by distinct functions of both macroautophagy and CMA, indicating that impaired
function of either form of autophagy may promote oxidant-induced liver injury.
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Excessive production of reactive oxygen species (ROS) can overwhelm cellular antioxidant
defenses and lead to oxidative stress that mediates cell injury and death. Oxidative stress has
been implicated as a central mechanism of a variety of forms of hepatic injury including that
caused by toxins,1 ischemia/reperfusion,2 viral infection3 and steatohepatitis.4,5 ROS may
promote cellular injury through the direct oxidative modification of cellular macromolecules
including proteins, lipids and DNA. Alternatively, recent investigations have emphasized
that oxidant injury results from the direct activation of cell signaling pathways that regulate
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death. In the model of hepatocyte oxidative stress mediated by the superoxide generator
menadione, apoptosis results from activation of the mitogen-activated protein kinase
(MAPK) c-Jun N-terminal kinase (JNK) and its downstream effector c-Jun.6,7
Overactivation of the JNK/c-Jun pathway is central to many forms of hepatocyte death
including chronic as well as acute oxidant stress.8–11 Although it is known that ROS can
increase JNK signaling by activating upstream kinases or inactivating phosphatases, other as
yet unknown mechanisms likely contribute to ROS-induced increases in JNK/c-Jun
signaling.

Studies performed in nonhepatic cell types have demonstrated a relationship between the
pathways of cell death and autophagy. Autophagy is a process in which cellular components
are targeted to the lysosome for degradation.12 There are three types of mammalian
autophagy which differ in their substrates and regulation.13 Macroautophagy sequesters
whole organelles or portions of cytoplasm into autophagic vacuoles or autophagosomes that
fuse with lysosomes and undergo degradation. In microautophagy the lysosomal membrane
itself surrounds and sequesters portions of cytosol for degradation. In chaperone-mediated
autophagy (CMA), proteins with a specific pentapeptide motif are selectively targeted for
degradation by heat shock cognate chaperone of 70 kD and translocate to the lysosome for
uptake by lysosome-associated membrane protein type 2A (LAMP-2A) and degradation.
Autophagy has two principal functions: to remove unwanted or damaged cellular
constituents and to supply the cell with substrates for energy generation in times of nutrient
deprivation.14 The central role of autophagy in the elimination of damaged cellular
components has suggested that it may be an important protective pathway in cellular injury,
and oxidized proteins are one autophagic substrate.15 However, the relationship of
autophagy to cell death is controversial. In nonhepatic cells macroautophagy has been
implicated as a mechanism of cell death from a variety of stimuli including radiation and
viruses.16,17 In contrast, other investigations have shown that macroautophagy mediates
survival from injury induced by nutrient deprivation, ischemia/reperfusion injury and
endoplasmic reticulum stress.18–20 Little is known about the function of autophagy
specifically in hepatocyte injury and cell death. Autophagic function is known to be
decreased in the liver under certain conditions such as steatosis and aging.21,22 Thus, if
autophagy serves a protective function in hepatocytes, then these conditions that impair
autophagic function may promote liver injury and resultant cell death.

To determine the function of autophagy in hepatocyte injury, the effects of a knockdown of
the critical macroautophagy gene atg5 on menadione toxicity were examined in the
nontransformed rat hepatocyte line RALA255-10G. Inhibition of macroautophagy sensitized
these cells to apoptotic and necrotic death from normally nontoxic concentrations of
menadione. Death was mediated by JNK/c-Jun overactivation that triggered the
mitochondrial death pathway. Compensatory up regulation of other forms of autophagy
failed to protect against cell death despite the ability of CMA to also mediate resistance to
death from menadione. These findings demonstrate a critical and mutually exclusive
function of both macroautophagy and CMA in hepatocyte resistance to death from oxidant
stress.

Materials and Methods
This section is in the Supporting Materials.
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Results
Inhibition of Macroautophagy Sensitizes RALA Hepatocytes to Death from Menadione

To determine whether autophagy regulates hepatocyte injury from oxidant stress, the effect
of a genetic knockdown of the critical macroautophagy gene atg5 on cell death from
menadione-induced oxidant stress was examined. Control VEC cells infected with lentiviral
vector alone, and siAtg5 cells stably infected with a lentivirus expressing an shRNA to
Atg5, were established as previously described.22 Cells were treated for 24 h with increasing
concentrations of menadione. The inhibition of macroautophagy significantly increased cell
death at all concentrations of menadione by MTT assay (Fig. 1A). Increased siAtg5 cell
death was confirmed by quantification of the numbers of steady-state apoptotic and necrotic
cells 12 h after menadione treatment by fluorescence microscopy of acridine orange/
ethidium bromide costained cells. Inhibition of macroautophagy led to significantly greater
numbers of apoptotic and necrotic cells with menadione treatment (Fig. 1B). Levels of
apoptosis were greater than those of necrosis, and the numbers of necrotic cells may have
been inflated by secondary necrosis of apoptotic cells, suggesting that the primary
mechanism of cell death was apoptotic.

To insure that findings in siAtg5 cells resulted from an inhibition of macroautophagy and
not an shRNA off-target effect, menadione toxicity was examined in RALA hepatocytes
expressing two other distinct Atg5 shRNAs. Cells expressing either of these two alternative
Atg5 shRNAs were sensitized to death from menadione (Fig. 1C). Thus, macroautophagy
was critical for RALA hepatocyte resistance to death from menadione-induced oxidant
stress.

Knockdown of Atg5 does not Alter Levels of Oxidant Stress
Although the known function of Atg5 is restricted to the autophagic pathway, an explanation
for the increased sensitivity of siAtg5 cells to menadione toxicity could be that the loss of
this protein somehow amplified the level of oxidant stress induced by menadione. To
exclude this possibility, ROS levels in response to menadione were measured in the two cell
types by the lucigenin assay. No ROS were detected in untreated VEC or siAtg5 cells (data
not shown). Levels of ROS were increased at 1–8 h after menadione treatment and were
equivalent in the two cells types (Fig. 1D). No significant ROS production was found in
either cell type at subsequent times. Therefore the effects of the Atg5 knockdown were not
secondary to alterations in menadione metabolism or ROS production.

Inhibition of Macroautophagy Promotes Caspase-dependent Cell Death by Activation of
the Mitochondrial Death Pathway

The finding that siAtg5 cell death from menadione occurred in part by apoptosis suggested
that a loss of macroautophagy may sensitize these cells to caspase-dependent death. Western
blot analysis of menadione-treated VEC and siAtg5 cells demonstrated decreased levels of
procaspase 3 and 7 along with greater increases in the cleaved, active forms of these
enzymes in siAtg5 cells (Fig. 2A). Menadione-treated siAtg5 cells had elevated caspase
activity as demonstrated by loss of full-length poly-ADP ribose polymerase (PARP) and
increased levels of the cleaved form of PARP with menadione treatment (Fig. 2A). Caspase
activation mediated death in both VEC cells treated with toxic concentrations of menadione,
and in siAtg5 cells treated with low or high menadione concentrations, as the caspase
inhibitor Q-VD-OPh significantly inhibited cell death (Fig. 2B).

Caspase activation in hepatocytes occurs frequently through activation of the mitochondrial
death pathway and release of the pro-apoptotic mitochondrial protein cytochrome c in a
process regulated by Bcl-2 family members.23 Immunoblots of mitochondrial protein
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isolates demonstrated the loss of cytochrome c and the appearance of tBid, the truncated
pro-apoptotic form of Bid, in menadione-treated siAtg5 but not VEC cells (Fig. 2C). Levels
of the mitochondrial protein cytochrome oxidase, which is not released by mitochondrial
death pathway activation, were unaffected by menadione in both cell types indicating equal
sample loading (Fig. 2C). Cytochrome c was detected in the cytosol in parallel with the loss
of this protein from mitochondria together with decreases in cytosolic levels of Bid and to a
lesser extent Bax (Fig. 2D). Mitochondrial cytochrome c release and accumulation of tBid
also occurred with menadione treatment of the cells expressing the two alternative Atg5
shRNAs (Fig. 3A and 3B). Finally, activation of the mitochondrial death pathway mediated
cell death in menadione-treated siAtg5 cells as adenoviral overexpression of the anti-
apoptotic factor Bcl-2 or Bcl-XL blocked cell death in comparison to cells infected with a
control adenovirus Ad5LacZ expressing β-galactosidase (Fig. 3C).

Loss of Macroautophagy Promotes JNK/c-Jun Overactivation
Previous studies have identified overactivation of the MAPK JNK as a mechanism of
hepatocyte death from oxidant stress including that from menadione.6,24 To examine
whether a loss of macroautophagy affected JNK signaling, levels of JNK activation were
compared in the presence and absence of macroautophagy. The levels of JNK/c-Jun
activation immediately after menadione treatment were increased in siAtg5 cells as indicated
by increased levels of phospho-JNK and phospho-c-Jun at 1–4 h (Fig. 4A). These increased
levels of JNK activation were maintained for greater than 18 h in siAtg5 cells (Fig. 4B).
Similarly overactivation of the MAPK ERK1/2 also occurred in menadione-treated siAtg5
cells (Fig. 4A and 4B).

To determine whether the overactivation of JNK/c-Jun signaling that occurred with a
knockdown of macroautophagy was mechanistically involved in cell death from menadione,
the effects of blocking JNK/c-Jun signaling on menadione toxicity were examined. The
JNK/c-Jun signaling pathway was blocked by adenoviral expression of the c-Jun dominant
negative TAM,25 which has been shown previously to block death from menadione in wild-
type cells.6 siAtg5 cells infected with Ad5LacZ were sensitive to death from menadione
similar to uninfected siAtg5 cells (Fig. 4C). Cell death from menadione was completely
suppressed in TAM-expressing cells (Fig. 4C). Loss of macroautophagy therefore sensitized
cells to death from menadione through overactivation of JNK/c-Jun signaling.

Menadione Induces ATP Depletion in siAtg5 Cells
Activation of the mitochondrial death pathway promotes organelle dysfunction that can lead
to ATP depletion.26 Macroautophagy preserves cellular energy levels during times of stress.
14 We therefore investigated the possibility that energy homeostasis was compromised in
hepatocytes lacking macroautophagy and challenged with menadione. VEC cells treated
with a toxic concentration of menadione underwent a marked reduction in ATP within 2 h of
treatment (Fig. 5A), indicating that menadione toxicity was associated with an impairment
in ATP generation. When VEC and siAtg5 cells were treated with the low concentration of
menadione not toxic to VEC cells, ATP depletion occurred selectively in siAtg5 cells but
not VEC cells (Fig. 5B). Significant ATP depletion also occurred with menadione treatment
in cells expressing the two alternative Atg5 shRNAs (Fig. 5C). Thus, an inhibition of
autophagy led to RALA hepatocyte ATP depletion from a level of oxidant stress that failed
to affect the metabolic homeostasis of normal cells.

An alternative possibility to a menadione-induced impairment in mitochondrial energy
generation was that the inhibition of macroautophagy interfered with ATP production by the
cytosolic glycolytic pathway. To examine for changes in glycolysis, levels of the glycolytic
by product lactate were determined. Lactate levels were equivalent in untreated VEC and
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siAtg5 cells (Fig. 5D). There was a slight although not statistically significant decrease in
lactate production over the 2 h after menadione treatment in both cell types (Fig. 5D). The
level of glycolysis was therefore unaffected by the inhibition of macroautophagy. Consistent
with the lack of any contribution of glycolysis to the ATP depletion that occurred in siAtg5
cells, supplementation of the cells with methyl pyruvate failed to reverse the ATP depletion
that occurred in these cells with menadione treatment (data not shown).

The temporal relationship of ATP depletion to the other cell death events in menadione-
treated siAtg5 cells was determined. The decrease in ATP was completely blocked by TAM
expression in siAtg5 cells (data not shown), indicating that ATP depletion was downstream
of JNK/c-Jun overactivation. Cytochrome c release did not occur until long after the time of
ATP depletion (data not shown), and caspase inhibition with Q-VD-OPh that blocked cell
death had no effect on menadione-induced ATP depletion (Fig. 5E). In the absence of
macroautophagy, menadione therefore induced JNK/c-Jun overactivation that led to ATP
depletion, cytochrome c release and effector caspase activation.

Oleate Blocks Death from Menadione in the Absence of Macroautophagy
The finding that ATP depletion occurred upstream of caspase activation implied that the
decrease in ATP was the mechanism of mitochondrial cytochrome c release and cell death.
To determine whether the susceptibility of siAtg5 cells to ATP depletion was causal in their
sensitization to death from menadione, the effects of energy repletion on cell death were
determined. To replete cellular ATP, menadione-treated cells were cotreated with the fatty
acid oleate which undergoes mitochondrial β-oxidation to generate ATP. Oleic acid
cotreatment was effective in preventing ATP depletion that occurred in either VEC cells
treated with high dose menadione (Fig. 6A), or siAtg5 cells treated with low dose
menadione (Fig. 6B). Oleic acid had no effect on menadione-induced ROS production as
determined by lucigenin assay (data not shown).

Oleate significantly inhibited cell death from menadione in control cells or cells sensitized to
menadione toxicity from an inhibition of macroautophagy (Fig. 6C). Consistent with the
protective effect of oleate occurring through the normalization of ATP levels, delay of oleate
treatment until 2 h after menadione administration, the point at which maximal ATP
depletion had already occurred, failed to block cell death (data not shown). In addition, the
fatty acid palmitate which failed to reverse menadione-induced ATP depletion also did not
prevent siAtg5 cell death from menadione (data not shown). Alternatively, these findings are
consistent with the mechanism of oleate’s inhibition of cell death being a direct protective
effect on the mitochondria which secondarily preserved ATP production. Oleate treatment
failed to decrease JNK/c-Jun overactivation (Fig. 6D), consistent with previous data that
activation of this MAPK pathway occurred upstream of ATP depletion. These findings
together with those from the Bcl-2/Bcl-XL overexpression studies demonstrate that the
inability of siAtg5 cells to maintain mitochondrial function with menadione challenge was
the mechanism of their sensitization to death from oxidant stress.

Constitutive Autophagic Function Mediates Resistance to Menadione
Cells have constitutive levels of autophagy that can be increased in response to stress,
including that from oxidants.27 To determine whether hepatocellular resistance to oxidant
stress depended on basal autophagic function, or the ability of RALA hepatocytes to
increase autophagy in response to this challenge, levels of autophagy were determined by
measure of autophagic flow.28 Autophagic flow was determined by the rate of accumulation
of the autophagosome-associated form of LC3, LC3-II, with inhibition of lysosomal
function by ammonium chloride and leupeptin. LC3-II levels were equivalent in untreated
and menadione-treated cells in the absence and presence of the lysosomal inhibitors
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ammonium chloride and leupeptin by immunoblotting (Fig. 7A). The ratio of LC3-II in the
presence of ammonium chloride/leupeptin to that in the absence of lysosomal inhibitors was
unchanged with menadione treatment indicating that autophagic function was unaltered by
menadione-induced oxidant stress (Fig. 7B). Basal levels of macroautophagy therefore
mediated RALA hepatocyte resistance to menadione cytotoxicity.

Compensatory Up Regulation of other Forms of Autophagy Occurs in siAtg5 Cells
The findings of increased death from menadione in RALA hepatocytes with a knockdown of
Atg5 are in contrast to those we have previously reported in murine embryonic fibroblasts
(MEFs).29 MEFs from atg5 null mice were sensitized to death receptor-mediated apoptosis
but had increased resistance to menadione toxicity.29 This protection against death from
menadione was mediated by the up regulation of a second form autophagy, chaperone-
mediated autophagy (CMA), that occurred in atg5−/− MEFs in compensation for the loss of
macroautophagy.29 These prior studies suggested that findings of increased death from
menadione in RALA hepatocytes may have reflected an inability of these cells to
compensate for the loss of macroautophagy with an increase in CMA. To examine this
possibility, levels of lysosomal protein degradation were determined in cells with an Atg5
knockdown.

By pulse-chase metabolic labeling the rate of total protein degradation was equivalent in
VEC and siAtg5 cells at 4 and 12 h (Fig. 7C). The proportion of protein degradation that
was inhibited by ammonium chloride/leupeptin and therefore lysosome dependent was also
equivalent in the two cell types (Fig. 7D). The amount of lysosomal degradation secondary
to macroautophagy was estimated as the fraction that was blocked by the pharmacological
inhibitor 3-methyladenine. As expected, levels of macroautophagy were significantly
decreased in siAtg5 cells (Fig. 7E). Maintenance of levels of total lysosomal protein
degradation in siAtg5 cells despite the decrease in macroautophagy indicated that other
forms of autophagy were up regulated in these cells. Thus, similar to findings in atg5−/−

MEFs, siAtg5 cells increased other forms of autophagy in response to the loss of
macroautophagy.

CMA Regulates RALA Hepatocyte Resistance to Death from Menadione
The sensitization of siAtg5 cells to death from menadione despite a compensatory increase
in other forms of lysosomal degradation, suggested that these alternative forms of autophagy
may not be protective against menadione-induced oxidant stress in RALA hepatocytes. To
exclude this possibility, the effect of a loss of CMA on cell death from menadione was
examined. siL2A cells with a stable knockdown of the critical CMA receptor LAMP-2A
were generated. The knockdown was specific for LAMP-2A as levels of other LAMPs,
mediators of macroautophagy and LC3 were unchanged (Fig. 8A). Menadione treatment of
siL2A cells revealed that the loss of CMA sensitized cells to death from menadione similar
to the effect of an inhibition of macroautophagy (Fig. 8B).

To determine whether the loss of CMA sensitized RALA hepatocytes to death by a
mechanism different from that which mediated death from an inhibition of macroautophagy,
siL2A cell death from menadione was examined for caspase dependence. Q-VD-OPh
significantly decreased cell death in siL2A cells treated with menadione (Fig. 8C),
indicating that cell death from either an inhibition of macroautophagy or CMA occurred
predominantly through caspase-dependent apoptosis. However, in contrast to the
overactivation of JNK/c-Jun signaling that occurred with menadione treatment in cells with
an inhibition of macroautophagy, siL2a cells were sensitized to death in the absence of any
greater increase in JNK signaling (Fig. 8D). Levels of phospho-c-Jun were in fact somewhat
decreased in siL2A cells after menadione treatment and levels of phospho-ERK1/2 were
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equivalent to those in VEC cells (Fig. 8D). In the absence of JNK/c-Jun overactivation,
siL2A cells maintained normal levels of ATP in response to menadione treatment (Fig. 8E),
in contrast to the ATP depletion that occurred in siAtg5 cells. Thus, similar to
macroautophagy CMA mediated resistance to caspase-dependent apoptosis from
menadione-induced oxidant stress, but through a distinct mechanism that did not involve the
maintenance of energy homeostasis.

Discussion
The relationship between the pathways of cell death and autophagy remain controversial.
Experimental evidence has suggested that autophagy may mediate cell death, and autophagy
has been classified as one of three morphological forms of cell death together with apoptosis
and necrosis.30 However, a number of issues have been raised about the validity of the
studies that led to this conclusion,30 and other investigations have suggested an alternative
function for macroautophagy as a pathway critical for cell survival.18,19,29 The present study
is one of the first to specifically examine this question in hepatocytes, and demonstrates that
macroautophagy is essential for RALA hepatocyte resistance to cell death from menadione-
induced oxidative stress. Oxidant-induced death in cells lacking macroautophagy was
predominantly caspase-dependent apoptosis. Caspase activation was triggered by the
mitochondrial death pathway as apoptosis was associated with ATP depletion and
mitochondrial cytochrome c release, and blocked by oleate which normalized ATP levels or
Bcl-2/Bcl-XL overexpression.

In contrast to the concept that oxidant stress induces autophagy, the level of autophagic flow
was not increased in RALA hepatocytes after menadione treatment, identical to our previous
results in MEFs.29 It was possible that autophagy was already maximized in these cells
secondary to culture in serum-free medium. However, the cells received fresh medium
containing amino acids and glucose to maintain normal levels of macroautophagy and
autophagic flow remained similar to serum-supplemented cells (data not shown). The ability
to augment autophagic function may have been restricted in part by the decrease in ATP that
occurred from menadione treatment as macroautophagy requires ATP.31 These findings give
further support to the concept that constitutive as well as induced levels of macroautophagy
regulate cellular physiology. Basal levels of macroautophagy are critical for RALA
hepatocyte resistance to oxidative stress, consistent with autophagy being a survival
pathway in these cells.

The increased sensitivity of RALA hepatocytes with an inhibition of macroautophagy to
death from menadione-mediated oxidant stress contrasts with our previous findings in MEFs
with a genetic knockout of Atg5.29 MEFs from atg5 null mice were sensitized to death from
tumor necrosis factor and Fas but protected from menadione toxicity.29 The resistance of
atg5 null MEFs to menadione-induced death was secondary to increased CMA that
compensated for the loss of macroautophagy.29 Crosstalk among the different autophagic
pathways is known to result in the up regulation of one type of autophagy when another
form is inhibited, and atg5 null MEFs have increased levels of CMA.32 A compensatory
response occurred in RALA hepatocytes with an inhibition of macroautophagy as
demonstrated by the maintenance of normal levels of lysosomal protein degradation in
siAtg5 cells despite the decrease in degradation mediated through macroautophagy. Thus,
crosstalk among autophagic pathways also occurred in RALA hepatocytes, and the
sensitization of these cells to death from menadione did not result from a failure to up
regulate other forms of autophagy.

CMA also functioned to protect RALA hepatocytes from menadione cytotoxicity as a
knockdown of the CMA receptor LAMP-2A sensitized cells to death from this oxidant
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stress. This finding together with that of the compensatory up regulation of forms of
autophagy other than macroautophagy in siAtg5 cells suggested that these cells should be
resistant to menadione toxicity similar to atg5 null MEFs. The fact that siAtg5 cells were
sensitized to death from menadione indicates that macroautophagy and CMA have
nonredundant functions in hepatocyte resistance to oxidant stress such that the increase in
CMA could not substitute for the loss of macroautophagy in these cells. Thus, the function
of autophagy in resistance to oxidant stress differed in an important way in RALA
hepatocytes from that in MEFs. Macroautophagy functioned to limit JNK/c-Jun signaling
and maintain energy homeostasis as RALA hepatocytes lacking macroautophagy developed
ATP depletion from menadione treatment that led to cell death. In contrast, sensitization to
menadione-induced death by the loss of CMA occurred despite normal levels of JNK
activation and cellular ATP. These mechanistic differences in the protective effects of
macroautophagy and CMA during hepatocyte oxidative stress are consistent with the
specific functions of these two pathways. Macroautophagy mediates the bulk degradation of
whole organelles including damaged mitochondria,33 and may therefore have the protective
function of limiting activation of the apoptotic pathway by removing such mitochondria. In
contrast, CMA removes selective proteins including oxidized proteins which may promote
cellular injury downstream of JNK activation and ATP depletion.15 Whatever the
mechanism, the present findings demonstrate that the two forms of autophagy have disparate
functions in RALA hepatocytes, and therefore the up regulation of one form cannot
compensate for the loss of the other. The difference in the responses of hepatocytes and
MEFs with an inhibition of macroautophagy to menadione challenge emphasizes the
importance of delineating cell type specific functions of the various forms of autophagy.

JNK activation has a central role in many forms of hepatocellular injury including that from
menadione-induced oxidant stress.6,24 Death in cells with a loss of macroautophagy resulted
in JNK/c-Jun overactivation that initiated the sequence of ATP depletion, cytochrome c
release, caspase cleavage and cell death. Although the inverse relationship of JNK
regulating autophagic function has been previously described in nonhepatic cells,34 the
present studies are the first to indicate that macroautophagy functions to down regulate JNK
activation. The mechanism by which macroautophagy regulates JNK signaling remains to be
determined but was not specific for this kinase as increased activation of the MAPK ERK1/2
also occurred in the absence of macroautophagy. One possibility is that the sequestration of
mitochondria after early injury from menadione may act to limit MAPK activation. The
findings do demonstrate a novel relationship between JNK/c-Jun signaling and cellular
energy homeostasis that is mediated by macroautophagy. This effect was specific for
macroautophagy as a knockdown of CMA failed to affect JNK signaling. CMA was
nonetheless still protective against menadione toxicity through another mechanism.

The findings suggest that pathophysiological conditions associated with an impairment of
hepatic macroautophagic function may promote liver injury from oxidative stress. Recently
we have demonstrated that increased lipid accumulation in hepatocytes leads to an
impairment in macroautophagy.22 Oxidative stress has been implicated as a causal factor in
the development of nonalcoholic fatty liver disease, as both human and experimental
NAFLD are associated with oxidative stress and the accumulation of lipid peroxidation
products.5,35,36 Steatosis may therefore not only provide a direct substrate that promotes
oxidative stress, but also indirectly promote oxidant injury by decreasing autophagic
function. Another setting of compromised autophagic function is in aging. Decreased
macroautophagy and CMA are physiological consequences of aging.21 This impairment in
autophagy may act to sensitize aged individuals to hepatocyte injury from sources of hepatic
oxidant stress such as toxins or drugs. Investigations of individual variations in autophagic
function may therefore offer new insights into the susceptibility to liver diseases mediated
by oxidant stress.
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Abbreviations

CMA chaperone-mediated autophagy

ERK1/2 extracellular signal-regulated kinase 1/2

JNK c-Jun N-terminal kinase

LAMP lysosome-associated membrane protein

LC3 microtubule-associated protein light chain 3

MAPK mitogen-activated protein kinase

MEF murine embryonic fibroblast

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

PARP poly (ADP-ribose) polymerase

Q-VD-OPh Q-Val-Asp-OPh

ROS reactive oxygen species
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Fig. 1.
Inhibition of macroautophagy sensitizes to death from menadione. (A) VEC and siAtg5 cells
were treated with the indicated menadione concentrations for 24 h and the percentage of cell
death determined by MTT assay (*P<0.001 and **P<0.000001 as compared to VEC cells
treated with the same menadione concentration; n=7). (B) VEC and siAtg5 cells were
treated with 50 (M50) or 60 (M60) μM menadione for 12 h, costained with acridine orange
and ethidium bromide, and the percentages of apoptotic and necrotic cells determined by
fluorescence microscopy as described in Materials and Methods (*P<0.0001 as compared to
the same treatment in VEC cells; n=6–7). (C) Percentage of cell death by MTT assay in
VEC, siAtg5 #2 and siAtg5 #3 cells after 24 h of treatment with the indicated concentrations
of menadione (*P<0.0001 as compared to the same treatment in VEC cells; n=6–8). (D)
Relative levels of ROS in the two cell types at different times after treatment with 50 or 60
μM menadione (n=3–6).
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Fig. 2.
Cell death in menadione-treated siAtg5 cells is caspase dependent and associated with
activation of the mitochondrial death pathway. (A) Protein was isolated from VEC and
siAtg5 cells untreated or treated with 50 μM menadione for the indicated number of hours.
Aliquots of protein were immunoblotted with antibodies for caspase 3 (Casp 3), caspase 7
(Casp 7), poly-ADP ribose polymerase (PARP) and β-actin as a loading control. Arrow
indicates the cleaved form of PARP. (B) Percentage cell death in VEC and siAtg5 cells
treated with 50 or 60 μM menadione after pretreatment with the vehicle dimethyl sulfoxide
(DMSO) or Q-VD-OPh (QVD) (*P<0.0001 as compared to DMSO-treated cells; n=4). (C)
Immunoblots of mitochondrial protein isolates from VEC and siAtg5 cells untreated or
treated with 50 μM menadione for the indicated number of hours. Proteins were
immunoblotted with antibodies for cytochrome c (Cyt c), Bid, Bax, and cytochrome oxidase
(Cyt ox). tBid is indicated by the arrow. (D) Immunoblots of cytosolic protein isolates from
the same cells probed with the indicated antibodies.

Wang et al. Page 13

Hepatology. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Menadione toxicity in cells with an inhibition of macroautophagy is mediated by the
mitochondrial death pathway. (A) Immunoblots of mitochondrial proteins isolated from
VEC, siAtg5, siAtg5 #2 and siAtg5 #3 cells untreated or treated with 50 μM menadione for
12 h and probed for cytochrome c (Cyt c), Bid, Bax and cytochrome oxidase (Cyt ox).
Arrow indicates tBid. (B) Cytosolic protein isolates from the same cells immunoblotted with
the indicated antibodies. (C) Percentage cell death by MTT assay in siAtg5 cells infected
with adenoviruses expressing β-galactosidase (LacZ), Bcl-2 or Bcl-XL and treated with 50
or 60 μM menadione for 24 h (*P<0.001 as compared to LacZ-infected cells; n=6–7).
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Fig. 4.
JNK/c-Jun overactivation occurs with menadione treatment in cells with an inhibition of
macroautophagy. (A) Immunoblots of total protein from VEC and siAtg5 cells treated with
50 μM menadione for the times shown and probed for phospho-JNK (P-JNK), total JNK,
phospho-c-Jun (P-c-Jun), total c-Jun, phospho-ERK1/2 (P-ERK1/2) and total ERK1/2. (B)
Immunoblots of proteins from cells treated with menadione for 12–24 h. (C) Percentages of
cell death in siAtg5 cells infected with Ad5LacZ (LacZ) or Ad5TAM (TAM) and treated
with 50 or 60 μM menadione (*P<0.00001 when compared to Ad5LacZ-infected cells;
n=7).
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Fig. 5.
Inhibition of macroautophagy leads to ATP depletion in response to menadione. (A)
Relative ATP levels in fluorescence units (FU) in VEC cells treated with 60 μM menadione
for the indicated times (n=5–8). (B) ATP levels in VEC and siAtg5 cells treated with 50 μM
menadione for the times shown (*P<0.01 as compared to VEC cells; n=3–4). (C) ATP levels
in VEC, siAtg5 #2 and siAtg5 #3 cells untreated (Con) and after 2 h of 50 μM menadione
(Men) (*P<0.03 as compared to untreated cells; n=4–6). (D) Rates of lactate production in
VEC and siAtg5 cells untreated and treated with 50 μM menadione for 2 h (n=3). (E) Levels
of ATP in untreated VEC cells and siAtg5 cells untreated (Con) or treated with 50 μM
menadione for 2 or 4 h after pretreatment with dimethylsulfoxide (DMSO) or Q-VD-OPh
(QVD) ( n=4).

Wang et al. Page 16

Hepatology. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Oleate blocks death from menadione. (A) ATP levels in VEC cells untreated (Con) or
treated with 60 μM menadione alone or in combination with 125 or 250 μM oleic acid (Men
+ OL) (*P<0.02 as compared to cells treated with menadione alone; n=4–6). (B) Levels of
ATP in siAtg5 cells untreated (Con) or treated with 50 μM menadione alone or with oleic
acid (*P<0.02 as compared to cells treated with menadione alone; n=3–5). (C) Percentage
cell death in VEC and siAtg5 cells treated with menadione alone (Men; 60 μM for VEC
cells and 50 μM for siAtg5 cells) or menadione plus 125 or 250 μM oleic acid (*P<0.003 as
compared to cells treated with menadione alone; n=7). (D) Immunoblots of total protein
from VEC and siAtg5 cells untreated or treated with 50 μM menadione (Men) and/or 0.25
μM oleic acid (OL) for 1 h and probed with the antibodies shown.
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Fig. 7.
Other forms of autophagy are up regulated in compensation for the loss of macroautophagy.
(A) Immunoblots of proteins isolated from VEC cells untreated and treated with menadione
for the times shown in the absence or presence of ammonium chloride/leupeptin (NH4Cl/
Leup) and probed for LC3 and β-actin. Ammonium chloride/leupeptin was added to the cells
2 h prior to isolation. The LC3-I and LC3-II bands are indicated by arrows. (B) Ratio of the
signal intensity of the LC3-II bands in the presence of inhibitors to that in the absence of
inhibitors as determined by densitometric scanning of 3 immunoblots. (C) Percentage of
protein degradation in VEC and siAtg5 cells at the indicated times as measured by metabolic
pulse-chase labeling (n=4). (D) Percentage of lysosomal degradation in the same cells as
determined by the amount of protein degradation that was inhibited by ammonium chloride/
leupeptin (n=4) (E) Percentage of lysosomal degradation that was mediated by
macroautophagy which was the amount inhibited by 3-methyladenine (*P<0.05 when
compared to VEC cells; n=4).
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Fig. 8.
Inhibition of CMA sensitizes cells to death from menadione. (A) Total protein from VEC
and siL2A cells immunoblotted with the indicated antibodies. (B) Percentage cell death by
MTT assay in VEC and siL2A cells treated with the indicated concentrations of menadione
for 24 h (*P<0.04 and **P<0.01 as compared to VEC cells treated with the same menadione
concentration; n=4). (C) Percentage cell death in siL2A cells treated with dimethyl sulfoxide
(DMSO) vehicle or Q-VD-OPh (QVD) and menadione at the concentrations shown
(*P<0.003 as compared to DMSO-treated cells; n=6). (D) Immunoblots of total protein
isolated from VEC and siAtg5 cells untreated or treated with 50 μM menadione for the
indicated times. (E) ATP levels in VEC and siL2A cells after treatment with 50 μM
menadione (n=3).
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