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associated with the intrinsic death pathway. 
In contrast, the antiapoptotic factors, includ-
ing BCL-2 and the related protein BCL-xL, 
avert apoptosis by sequestering BAX and BAK, 
ostensibly preventing mitochondrial injury and 
cell death9. Several lines of investigation suggest 
that, in addition to regulating apoptosis, certain 
BCL-2 proteins, including Beclin1, also regulate 
vital cellular processes such as autophagy10.

Although unproven, an appealing hypothesis 
has been that autophagy and apoptosis may be 
facets of the same signaling pathway, linked by 
a common cellular factor. In this issue of Nature 
Medicine, Maejima et al.11 provide compelling 
evidence that the cellular kinase Mst-1 acts 
as a molecular switch that selectively drives 
autophagy or apoptosis by preferentially alter-
ing the formation of Bcl-2–Beclin1 complexes. 
Thus, the authors suggest that Mst-1 is the 
missing link that bridges the elusive connection 
between apoptosis and autophagy.

In their new work Maejima et al.11 showed that 
Mst-1 subverts autophagy and promotes apopto-
sis in the heart by a two-step process, involving 
the differential assembly of cellular complexes 
composed of Bcl-2–Beclin1 or Beclin1–Atg14L– 
Vps34 to drive autophagy or apoptosis,  
respectively. Using a combination of elegantly 
designed gain- and loss-of-function in vivo and 
in vitro experiments, the authors systematically 
dissected the molecular signaling pathways 
downstream of Mst-1. First, they demonstrated 
that activation of Mst-1 during ischemic stress in 
mouse hearts resulted in a marked reduction in 
autophagy and a corresponding increase in apop-
tosis. The authors then showed that Mst-1 strongly 
interacted with and phosphorylated Beclin1 at 
Thr108, which lies within the key BH3 domain 
of Beclin1 required for inducing autophagy. 
Phosphorylation of Thr108 substantially  

impaired the ability of Beclin1 to interact with 
Atg14L–Vps34 and induce autophagy. Hence, 
this lack of Beclin1–Atg14L complexes in car-
diac cells expressing Mst-1 provides the first 
direct evidence to explain how Mst-1 impairs 
autophagy in the heart during ischemic stress.

Under basal nonapoptotic conditions, BCL-2 
binds and sequesters BAX. Maejima et al.11 
hypothesized that the increased cardiomyo-
cyte apoptosis associated with Mst-1 activation 
may result from the loss of Bcl-2–Bax inhibi-
tory complexes. Consistent with this theory, 
the authors found that phosphorylation of 
Beclin1 by Mst-1 at Thr108, the same residue 
that impaired autophagy, dramatically increased 
the binding affinity of Beclin1 for Bcl-2. Thus, 
Bax was displaced from Bcl-2, increasing the 
amounts of free cellular Bax and leading to 
increased apoptosis during ischemia (Fig. 1).

Although displacement models have previ-
ously been proposed to explain the regulation of 
apoptosis and autophagy by BCL-2 proteins12, 
none to date have demonstrated the coupling 
of these pathways by a common signaling fac-
tor. The novelty of the work by Maejima et al.11 
is the identification of Mst-1 as a factor that 
preferentially phosphorylates Beclin1 during 
cellular stress, so that Mst-1 acts as a switch to 
dually regulate apoptosis and autophagy. Loss 
of Beclin1–Atg14L–Vps34 complexes impairs 
autophagy, resulting in protein aggregation, 
whereas loss of Bcl-2–Bax complexes promotes 
apoptosis (Fig. 1). Although this study provides 
answers to several previously posed questions, 
it raises a number of other issues that should be 
carefully considered. First, despite the impair-
ment of autophagy and increase in apoptosis 
induced by Mst-1 during ischemic injury, it 
remains unknown whether this signaling path-
way is restricted to the heart or whether it also 

applies to other human diseases associated with 
altered autophagy flux and apoptosis, such as 
neurodegenerative diseases and cancer. Second, 
it is unknown how Mst-1 activation occurs dur-
ing cellular stress and whether it drives other 
forms of programmed cell death such as necro-
sis. For example, the authors showed that cells 
genetically ablated for Bax or Bak still die in the 
presence of Mst-1, suggesting that other factors 
may be involved in inducing apoptosis. Third, 
it is unknown whether Mst-1 alters the bind-
ing affinity of other BH3-domain-like proteins, 
such as Bak, Bim, PUMA, NOXA and Bnip3, 
to regulate apoptosis. Despite these unresolved 
questions, the findings of the study by Maejima 
et al.11 may provide an explanation for how cells 
mechanistically integrate autophagy and apop-
tosis during stress. In addition, this study high-
lights Mst-1 as a potential therapeutic target, 
and the selective modulation of Mst-1 activity 
may prove beneficial in balancing autophagy 
and apoptosis during cardiac injury.
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An endogenous factor mediates shock-induced injury
Peter A Ward

An endogenous molecule secreted by macrophages during stress is a new mediator for the wave of inflammation 
triggered during hemorrhagic and septic shock. This finding suggests a potential drug target to reduce organ injury 
and death after shock (pages 1489–1495).

Release of tissue-damaging factors from infec-
tious agents (such as bacteria, viruses or fungi) 
or from cells (for example, endothelial or  

epithelial) after hypoxia, hemorrhagic and sep-
tic shock, polytrauma, and other conditions 
induces release of proinflammatory media-
tors, the outcome of which is often tissue and 
organ damage1. Molecules released from infec-
tious agents have been described as pathogen- 
associated molecular patterns (PAMPs), 
whereas danger-associated molecular patterns 

(DAMPs) are those released from damaged 
tissues in the absence of infectious pathogens, 
also called ‘sterile inflammation’2–5. PAMPs and 
DAMPs seem to function via interactions with 
Toll-like receptor 2 (TLR2) and TLR4 (refs. 3,5), 
as well as with NOD-like receptors. To date, the 
only therapies available to patients with hem-
orrhagic or septic shock are supportive and 
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include fluid resuscitation, pressor drugs for 
stabilization of blood pressure, replacement of  
red cells when appropriate, and ventilator  
support that is not damaging to lungs.

In this issue of Nature Medicine, Qiang 
et al.6 identify a new molecule, cold-inducible 
RNA-binding protein (CIRP), which appeared  
in blood from patients and in animal models 
after hemorrhagic or septic shock. CIRP medi-
ated inflammation and tissue injury, joining the 
list of DAMPs involved in the pathogenesis of 
shock, and may therefore be a target for thera-
peutic blockade in related clinical conditions 
in humans.

Although CIRP was originally described in 
cells exposed to cold temperatures as a suppres-
sor of mitosis and a promoter of cell differen-
tiation7, other conditions (hypoxia, ultraviolet 
radiation and mild hypothermia) can also 
induce CIRP expression. Qiang et al.6 found 
CIRP in the sera from ten patients suffering 
from hemorrhagic and septic shock in a sur-
gical intensive care unit, but not in sera from 
healthy donors. Although the authors also 
showed release of CIRP into the circulation in 
rats and mice after the onset of hemorrhagic 
shock, future investigation will have to include 
clinical studies involving more patients with 
sepsis, severe sepsis and septic shock, accord-
ing to an earlier classification7, to confirm the 
role of CIRP in these cases.

To investigate how CIRP is released into the 
bloodstream and whether it is mediating an 
inflammatory response related to shock, the 
authors used a mouse macrophage-like cell 
line, peripheral human blood mononuclear 
cells, the THP-1 cell line (human monocytes) 
and peritoneal mouse macrophages6, given the 
crucial role of macrophages in inflammation.  
As expected, under conditions of normoxia, 
cells contained nuclear CIRP, whereas hypoxia 
followed by reoxygenation induced a relocation 
of CIRP to the cytosol after several hours. CIRP 
was found in serum and in liver homogenates 4 

to 6 h after hemorrhagic shock, suggesting the 
liver as a possible source of CIRP. 

Macrophages exposed in vitro to puri-
fied CIRP expressed both tumor necrosis 
factor-α (TNF-α) and high-mobility group 
protein B1 (HMGB1), the former a strong 
pro inflammatory mediator and the latter a 
DAMP that causes proinflammatory cytok-
ines to be released from macrophages, and this 
effect was recapitulated upon administration 
of purified CIRP to healthy rats. However, in 
most cases, expression of TNF-α was extremely 
low (<5 ng/ml), raising the question of what the 
inflammatory role of TNF-α is under such con-
ditions. Qiang et al.6 also found that induction 
of expression of these inflammatory mediators 
by CIRP signaling required TLR4 expression 
in macrophages, which is a common but not 
exclusive receptor of PAMPs and DAMPs3.

In vivo evidence bolstered the role of CIRP 
in hemorrhagic and septic shock in mice and 
rats. Survival rates were substantially improved 
after CIRP inhibition with a neutralizing anti-
body to CIRP6, and mice lacking CIRP showed 
similar improved survival after hemorrhagic 
shock. A probable sequence of events in this 
scenario may be transcriptional upregulation 
of CIRP during hemorrhagic shock and other 
conditions, after which it is then secreted into 
the extracellular spaces (Fig. 1). Interaction of 
CIRP with the TLR4-MD2 complex in macro-
phages results in release of HMGB1, although 
secretion can also occur from monocytes and 
dendritic cells, whereas TNF-α release occurs 
in macrophages and monocytes and a large 
number of other cell types. TNF-α is an early 
mediator in adverse events of sepsis, whereas 
HMGB1 is a late-functioning mediator that 
initiates release of a series of proinflammatory 
mediators, mainly from macrophages. The 
addition of HMGB1 and CIRP to a macrophage 
cell line enhanced the release of TNF-α6, sug-
gesting that HMGB1 and CIRP may collaborate 
in septic or hemorrhagic shock. The composite  

result is a hyperinflammatory response 
(cytokine storm), development of multiorgan 
failure and, potentially, death.

Clinical trials over the last few years have 
enrolled human subjects with severe sepsis who 
were treated with one of two TLR4-blocking 
drugs (eritoran and TAK 242)8,9. Both trials were 
terminated early because of lack of drug efficacy 
(improved survival). These failed clinical trials in 
sepsis are especially disappointing in view of the 
plethora of DAMPs, PAMPs and other products 
that are reactive, but not exclusively, with TLR4 
(ref. 3), which seems to be a common node. It 
is possible that CIRP binds to other receptors 
aside from TLR4. If one were to target CIRP 
in the appropriate clinical setting, neutralizing  
antibody to CIRP might be preferable to target-
ing TLR4, at least on the basis of the failed results 
of the trials with TLR4-blocking drugs. Two very 
recent reports in endotoxemic shock suggest that 
lipopolysaccharide, once it enters the cytosol of 
macrophages, triggers caspase-11 activation, 
which is independent of TLR4 and may lead to 
lethal endotoxemia10,11. This suggests caspase-11 
could be a drug target in humans with sepsis.

Hemorrhagic shock is thought to be an 
example of sterile sepsis, so considerable cau-
tion and additional basic studies are needed 
to complement clinical observations before 
one can consider translational applications 
to humans with hemorrhagic shock. Also, 
although the data suggest CIRP is a candidate 
target to treat septic humans, we are a long way 
from such a conclusion. We simply do not have 
a sufficient number of septic patients who fit 
the various classifications of sepsis or a reli-
able and sensitive ELISA system to precisely 
measure CIRP and thus understand the role 
of CIRP in conditions driven by DAMPs and 
PAMPs. Nevertheless, the current study rein-
forces the literature showing that DAMPs, once 
released, have the potential to unleash numer-
ous effects that can be harmful or lethal in a 
variety of clinical settings.
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Figure 1  Circulating and tissue-resident macrophages and/or monocytes release CIRP in response 
to shock. During hemorrhagic or septic shock, CIRP signals via the TLR2-MD2 complex, resulting in 
release of TNF-α and HMGB1, the latter causing release of other proinflammatory mediators from 
macrophages. Collectively, this results in multiorgan failure and lethality.
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