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Cell death pathways
Cell death plays a central role in nearly all 
diseases, determining the extent of tissue 
destruction and subsequent organ func-
tion. Additionally, factors released from 
dying cells are associated with secondary 
inflammatory responses and fibrosis.

Apoptosis and necrosis are distinct 
forms of cell death involving different 
signal transduction pathways. Apoptosis 
is dependent on caspase activation, and 
in certain cell types, such as hepatocytes, 
apoptosis requires mitochondrial partic-
ipation and involves selective mitochon-
drial release of death amplifiers that are 
regulated by the BCL2 family of proteins. 
Until the last decade, necrosis had been 
viewed as an unregulated, accidental form 
of cell death that occurs in the setting of 
bioenergetic collapse, leading to cell lysis 
and subsequent activation of proinflam-
matory responses by the aberrant releases 
of the contents of dying cells. However, 

recent evidence has shown that mitochon-
drial permeability transition pore open-
ing, which is regulated by cyclophilin D 
and signal transduction pathways, such 
as JNK, that are induced by mitochondrial 
ROS, leads to regulated necrosis in certain 
contexts (1, 2). More recently, a type of 
death receptor-mediated necrosis, which 
occurs in the presence of caspase inhibi-
tion (with or without cIAP inhibition) has 
been discovered (referred to as necro-
ptosis). During necroptosis, the receptor- 
interacting protein kinases RIPK1 and 
RIPK3 and the pseudokinase mixed lin-
eage kinase domain–like protein (MLKL) 
form a complex referred to as the necro-
some (3), which promotes RIPK3-medi-
ated phosphorylation of MLKL, thereby 
triggering a conformational change that 
results in MLKL oligomerization, trans-
location to plasma membrane, and sub-
sequent lethal permeation of lipid bilayer 
(4). RIPK3 is the only activator of MLKL 

that has been described to date. Moreover, 
the role of natural necroptosis in disease 
is controversial, with a recent study refut-
ing previously published studies that sug-
gested a role for necroptosis in a number 
of disease models of necrosis in vivo (5). 
Additionally, interpretation of many stud-
ies is complicated by potential off-target 
effects of inhibitors, such as the RIPK1 
kinase inhibitor necrostatin-1s (nec-1) (6); 
non-death-related functions of RIPK1 and 
RIPK3 (7); and technical issues, includ-
ing the specificity of RIPK1- and RIPK3- 
targeting antisera and poor strain matching 
of control and knockout mice (8). The field 
has only recently shifted from evaluating 
necroptosis in mice with global deletions 
to studying animals harboring conditional 
deletions of Ripk1 and Ripk3. Importantly, 
both RIPK1 and RIPK3 have been shown to 
regulate apoptosis in certain contexts (7). 
Furthermore, the roles of these mediators 
are very complex and depend on both their 
kinase activity and platform functions and 
are influenced by posttranslational modifi-
cations, such as phosphorylation and ubiq-
uitination, resulting in extremely complex, 
context-specific scenarios (7).

What pathway killed  
the hepatocyte?
Inflammatory liver disease is caused by 
a variety of factors, including viral infec-
tion, autoimmunity, and toxin-mediated  
injury. In most models of hepatitis, apop-
tosis seems to be the dominant form of 
cell death. In contrast, acetaminophen-in-
duced (APAP-induced) liver injury results 
in necrotic hepatocyte death that occurs 
even in animals lacking RIPK3 or MLKL. 
The lectin concanavalin A (ConA) has 
also been widely used to study liver 
necrosis; it induces an acute hepatitis that 
is associated with T and NKT cell–medi-
ated inflammation. It is not clear how 
ConA induces hepatic necrosis; however, 
previous reports have shown that ConA 
alone causes necrotic cell death on his-
tology, with little caspase-3 activity in the 
liver, although this has been somewhat 
controversial (9–12).

     Related Article: p. 4346

Conflict of interest: N. Kaplowitz has been a paid expert witness for cases related to acetaminophen toxicity.
Reference information: J Clin Invest. 2016;126(11):4068–4071. doi:10.1172/JCI90830.

Hepatocyte death, which can be apoptosis or necrosis depending on the 
context, is a prominent feature of liver disease. The lectin concanavalin A 
(ConA) activates immune cells, resulting in inflammatory liver injury and 
hepatocyte necrosis. In this issue of the JCI, Günther et al. demonstrate 
that the pseudokinase mixed lineage kinase domain–like protein (MLKL) 
participates in hepatocyte death in ConA injury and that MLKL-mediated 
death is independent of the receptor-interacting protein kinase RIPK3. 
RIPK3 was absent in hepatocytes, and MLKL-deficient mice, but not 
RIPK3-deficient mice, were protected from ConA-induced liver injury. The 
authors also present evidence that an unidentified kinase activates MLKL, 
as RIPK1 bound MLKL but did not phosphorylate it. Moreover, ConA rapidly 
induced MLKL, mediated by the IFN-γ/STAT1 pathway, while activation and 
translocation to the plasma membrane required TNF. Increased phospho-
MLKL staining in liver biopsies from patients with autoimmune hepatitis 
suggests a role for MLKL in this disease. This study describes a previously 
unrecognized form of cell death in the liver that should be further explored 
as a potential therapeutic target in immune-mediated liver injury.
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to plasma membrane; however, nec-1s did 
not prevent MLKL induction in response 
to ConA toxicity (13). At face value, nec-
1s protection in the ConA model suggests 
that RIPK1 kinase activity is required for 
MLK1-dependent cell death. However, the 
necrostatins, which are allosteric kinase 
inhibitors, may also affect protein folding, 
binding, and catalytic activity-indepen-
dent functions of RIPK1; therefore, future 
assessment of ConA-mediated injury in 
kinase-dead RIPK1 knockin mice would 
be extremely informative. The platform 
function and kinase activity of RIPK1 play 
complex roles in cell death pathways. For 
example, conditional RIPK1 deficiency in 
the intestine or knockdown of RIPK1 in 
the liver sensitizes these organs to TNF- 
induced apoptosis; however, such suscep-
tibility is not seen in kinase-dead RIPK1 
knockin mice (17, 18), indicating that the 
platform function of RIPK1 is important for 
inhibiting apoptosis. Interestingly, RIPK1- 
dependent apoptosis inhibition seems to 
be independent of canonical NF-κB acti-
vation and target gene expression. Instead, 
this process may involve the regulation 

ly protected from ConA-induced damage, 
while Ripk3–/– animals were not. MLKL 
activation, as evidenced by membrane 
translocation in hepatocytes in response to 
ConA treatment, occurred in the absence 
of RIPK3-mediated phosphorylation. 
While RIPK3 expression was not detect-
ible in hepatocytes following ConA admin-
istration, both RIPK1 and MLKL were 
induced in this model. Despite evidence 
of RIPK1/MLKL complex formation, 
direct activation of MLKL by RIPK1 was 
excluded. Together, these results suggest 
the existence and participation of another 
MLKL-activating kinase in ConA-medi-
ated liver injury; however, such a kinase 
has yet to be identified. The importance 
of the observed increase in RIPK1 levels is 
not certain, but it may be required for the 
appropriate assembly of a complex with 
MLKL and other components, including 
the unidentified MLKL activating kinase.

Günther and colleagues initially  
explored canonical necroptosis in ConA- 
induced hepatocyte death and showed that 
the RIPK1 inhibitor nec-1s impedes ConA 
toxicity by blocking MLKL translocation 

In this issue, Günther et al. further 
evaluate the role of regulated necrosis in 
inflammatory liver disease (13), confirm 
previous reports that necrotic hepatocyte 
death in APAP-induced liver injury is inde-
pendent of RIPK3 and MLKL, and reveal 
that ConA-mediated hepatocyte death 
is mediated by MLKL through a RIPK3- 
independent mechanism (8, 13). The lat-
ter result is intriguing, as RIPK3, the only 
identified kinase capable of activating 
MLKL, is not detectable in normal hepato-
cytes (8, 13). RIPK3 induction has been 
suggested to occur in chronic liver injury, 
such as alcoholic and nonalcoholic steato-
hepatitis; however, actual necroptosis due 
to putative induction of RIPK3 in the liver 
has not been convincingly demonstrated 
(14–16). Hepatocytes do express MLKL, 
though at lower levels than nonparen-
chymal cells, making MLKL-induced cell 
death a possibility (8).

Using Mlkl–/– mice and strain-matched 
controls, Günther et al. clearly demon-
strate a hepatocyte-intrinsic, RIPK3-inde-
pendent role for MLKL in ConA-mediated 
liver injury (13). Mlkl–/– mice were marked-

Figure 1. ConA-induced liver necrosis. ConA activates T cells and NKT cells, 
which secrete cytokines, such as IFN-γ and TNF, that are known to be critical 
for liver injury in this model. Günther et al. discovered that IFN-γ signaling 
induces MLKL above a critical threshold (13). This increase in MLKL sensitizes 
hepatocytes to necrosis but alone is insufficient to promote necrosis and 
requires activation of MLKL. RIPK3 is the only kinase known to activate 
MLKL; however, RIPK3 is not expressed in hepatocytes or induced by ConA. 
Ripk3–/– mice given ConA developed liver injury, but Mlkl–/– mice were resis-
tant to ConA. The RIPK1 inhibitor nec-1s was protective in ConA-treated mice, 
and this protection was upstream of MLKL activation. RIPK1 expression 
increased in this model and was independent of TNF or IFN-γ, occurring via 
an unknown mechanism. RIPK1 was found in a complex with MLKL, presum-
ably with other not-yet-identified proteins; however, RIPK1 did not directly 
phosphorylate MLKL but possibly leads to the activation of the unidentified 
kinase activator of MLKL. As TNF signaling is required for cell death, it must 
lead to the activation of either RIPK1 or the unidentified kinase to activate 
MLKL. IFN-γR, IFN-γ receptor; TNFR, TNF receptor.
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might be enhanced by inhibition of necro-
ptosis. It will also be important to deter-
mine if MLKL-mediated hepatocyte death 
is involved in other common liver diseases, 
such as alcoholic and nonalcoholic steato-
hepatitis, acute and chronic viral hepati-
tis, and idiosyncratic immune-mediated 
drug-induced liver injury.

The study by Günther et al. not only 
reveals that IFN-γ/STAT1 signaling induces 
MLKL, but also provides compelling evi-
dence for a RIPK3-independent MLKL acti-
vation pathway, which might be referred 
to as noncanonical necroptosis (13). While 
the mechanism for MLKL induction is 
clearly defined, the mechanism(s) for phos-
pho-activation of MLKL and the precise 
role of RIPK1 in this form of necroptosis 
will require additional work. Regardless, 
findings of Günther and colleagues pro-
vide findings that advance the field of 
immune-mediated liver injury. The mystery 
of ConA-initiated necrosis is nearly solved. 
We now know that MLKL did it with RIPK1 
and help from an unidentified kinase. The 
investigation continues.
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