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Calcium signaling in the 
pancreas
Cytosolic calcium (Ca2+) signals mediate a 
wide range of physiologic processes, and 
changes in calcium signaling frequent-
ly result in disease. Acute pancreatitis is 
one condition that relates to pathologic 
changes in calcium signaling in the acinar 
cell of the pancreas. An early observation 
revealed that oscillating cytosolic calcium 
signals occur under physiological condi-
tions. However, in pancreatitis, an intense 
and ultimately sustained increase in cal-
cium evolves. Over the years, a variety of 
calcium channels and transporters have 
been added to the tool kit that the acinar 
cell uses to produce normal and abnor-
mal calcium signals. These now include 
inositol trisphosphate receptors (IP3R) 
and ryanodine receptors (RyRs) on the 
endoplasmic reticulum (ER) membrane, 
sarco/endoplasmic reticulum calcium- 
ATPase (SERCA), and plasma membrane 
calcium ATPase (PMCA) calcium pumps, 

respectively, located in the ER and plas-
ma membrane, and calcium release–acti-
vated channels (CRAC) in the plasma 
membrane. In this issue of the JCI, Swain 
et al. add two more to this growing list: 
Piezo1 and transient receptor potential 
vanilloid subfamily 4 (TRPV4) calcium 
channels, both of which are in the plasma 
membrane and mechanically activated in 
acinar cells (see Figure 1 and ref. 1). Ani-
mal models reflect many aspects of pan-
creatitis seen in patients. Acute increases 
in pancreatic duct pressure, a shared fea-
ture of both post-endoscopic retrograde 
cholangiopancreatography (post-ERCP) 
and biliary pancreatitis, have been a use-
ful basis for several experimental models. 
The importance of increased intraductal 
pressure in the pathogenesis of post-ER-
CP pancreatitis (PEP) is supported by 
reduction in post-ERCP pancreatitis after 
placement of stents in the pancreatic duct 
after this procedure. In a rodent model, 
acute pancreatic duct obstruction shift-

ed acinar cell calcium signaling toward 
a pancreatitis phenotype (2). Acute duct 
obstruction followed by bombesin stimu-
lation converted a physiologic pancreatic 
response to one associated with pancre-
atitis (3). Two additional observations 
were made in the PEP models developed 
by Rodger Liddle: (a) both increasing 
intraductal pressure and the composi-
tion of the fluid introduced affect disease 
development (4, 5), and (b) the TRPV 
calcium channel could mediate this pan-
creatitis response (5). Using a PEP model, 
another group identified the calcium-reg-
ulated protein phosphatase calcineurin 
in the acinar cell as a critical target (6). 
Most recently, the stretch-activated calci-
um channel Piezo1 was shown to mediate 
PEP in rodent models (7). Though the evi-
dence for Piezo1 in PEP was compelling, 
its transient kinetics failed to match the 
prolonged changes in acinar cell signaling 
observed in PEP models.

The Piezo1/TRPV4 pathway
Swain and coworkers elegantly resolved 
this prolonged acinar cell signaling dis-
crepancy by demonstrating that Piezo1 
couples to TRPV4, a calcium transport-
er the group had previously identified as 
mediating pancreatitis (ref. 1 and Figure 
1). Using selective transporter agonists 
and antagonists as well as genetic dele-
tion models, the researchers showed 
that membrane stretching activated the 
Piezo1/TRPV4 pathway in the acinar cell 
in a manner distinct from stimulating pep-
tides cerulein and cholecystokinin (CCK). 
Why Piezo1/TRPV4 should have a greater 
effect than CCK on mitochondrial depo-
larization is unclear. One possibility is that 
different pools of mitochondria are affect-
ed by the two pathways. Some have report-
ed that the distribution of mitochondria 
is polarized in the acinar cell, so it is also 
possible that a susceptible pool associated 
with the calcium-influx pathway mediated 
by TRPV4 may be spatially distinct from 
the calcium pathways mediated by CCK.
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Alterations in calcium signaling in pancreatic acinar cells can result in 
pancreatitis. Although pressure changes in the pancreas can elevate 
cytosolic calcium (Ca2+) levels, it is not known how transient pressure-
activated elevations in calcium can cause prolonged calcium changes and 
consequent pancreatitis. In this issue of the JCI, Swain et al. describe roles 
for the mechanically activated plasma membrane calcium channels Piezo1 
and transient receptor potential vanilloid subfamily 4 (TRPV4) in acinar 
cells. The authors used genetic deletion models and cell culture systems to 
investigate calcium signaling. Notably, activation of the Piezo1-dependent 
TRPV4 pathway was independent of the cholecystokinin (CCK) stimulation 
pathway. These results elegantly resolve an apparent discrepancy in calcium 
signaling and the pathogenesis of pancreatitis in pancreatic acinar cells.
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severity of acute pancreatitis. Alcohol, 
an important cause of acute pancreatitis, 
could have related effects on Piezo1 acti-
vation and pancreatitis.

Linking specific calcium-
signaling abnormalities with 
pathogenesis
A number of previous studies have impli-
cated aberrations in calcium signaling in 
the pathogenesis of pancreatitis, as sum-
marized in Figure 1. Although buffering 
calcium signals decreases or eliminates 
pancreatitis in nearly every model of this 
disease, the specific components of the 
calcium signaling cascade that are con-
sidered abnormal vary among studies. For 
example, in the current work by Swain and 
colleagues, pressure-induced pancreatitis 
results in serial activation of the plasma 
membrane calcium influx channels Piezo1 
and TRPV4, which are linked through 

thelial Piezo1, which directs the degrada-
tion of endothelial adherens junctions and 
contributes to the pathologic leak in the 
vasculature in this disease. These obser-
vations suggest Piezo1 and TRPV4 could 
have important roles in acute pancreati-
tis beyond that shown in the acinar cell. 
These considerations also suggest that 
nonobstructive etiologies could activate 
these pathways in acute pancreatitis.

A distinct structural feature of the 
Piezo1 channel may be relevant to pan-
creatitis. Piezo1 resides in a plasma mem-
brane protein-lipid dome structure that is 
predicted to tune the transporter ideally 
to changes in membrane tension (10). 
Amphipathic molecules, including dietary 
lipids, can modulate the channel proper-
ties (10, 11). This raises the exciting pos-
sibility that specific dietary lipid intake as 
well as disorders in lipid metabolism could 
modulate the activation of Piezo1 and the 

Piezo1/TRPV4 are activated by multi-
ple stimuli and may also regulate addition-
al pathways relevant to the pathogenesis 
of acute pancreatitis. Activation of innate 
immunity is central to the pathogenesis 
of this disorder. This is due in part to ATP 
released by injured cells, which can lead 
to inflammasome activation. Activation 
of Piezo1 is coupled to potentially relevant 
endothelial ATP release; whether such a 
response occurs in the pancreatic acinar 
cell needs to be determined (8). Immune 
cells dramatically deform when passing 
through vascular beds within edematous 
tissues, and this type of shear stress also 
activates innate immune cell responses 
through a Piezio1-dependent mechanism 
(9). Another key feature of acute pan-
creatitis is vascular hyperpermeability, a 
response that promotes edema and vascu-
lar collapse. The occlusion of small vessels 
in acute pancreatitis could activate endo-

Figure 1. Model for membrane stretch activation of Piezo1/TRPV4 and calcium-signaling pathways. (A) Following membrane deformity (e.g., stretch), 
Piezo1 is activated, causing a transient increase in cytosolic calcium as well as increased PLA2 activity. PLA metabolites then activate TRPV4, which opens 
to let calcium enter and ultimately depolarize the mitochondria (1). The two transporters can be activated by multiple stimuli. (B) Multiple calcium trans-
porters can affect signaling and lead to mitochondrial depolarization and trigger inflammatory responses through NF-κB activation and mitochondrial 
injury. Whether RyRs are present at ER-mitochondrial contacts in acinar cells is unknown.
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or CRAC. ER-mitochondrial RyRs and IP3 
receptors may therefore be positioned to 
lead to mitochondrial calcium overload, 
resulting in opening of the permeability 
transition pore and mitochondrial depolar-
ization. Consequent mitochondrial calci-
um leak into the cytoplasm would cause a 
sustained increase in calcium and thus acti-
vate calcineurin. It was recently observed 
that the PMCA4b activator renalase also 
mitigates pancreatitis; this would provide 
another mechanism to attenuate calci-
um-induced calcium release and so could 
be consistent with this unifying concept as 
well (19). Therefore, the new insights about 
the combined role of Piezo1/TRPV4 in the 
pathogenesis of pancreatitis certainly add 
to our understanding of this disease. It will 
be interesting to see whether this perspec-
tive will extend to a comprehensive picture 
of pancreatitis.
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A2 (PLA2) (1). These events also lead to 
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tributes to the pathogenesis of this disease 
as well. Further, radiocontrast agents pre-
dispose to pancreatitis, but this has been 
attributed to IP3-mediated enhancements 
in calcium signaling, which in turn lead to 
pathological activation of the calcium-sen-
sitive phosphatase calcineurin, which 
then activates the inflammatory medi-
ator NF-κB (12). The role of calcineurin 
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because calcineurin activation also occurs 
in pancreatitis due to bile acids, hormonal 
hyperstimulation, and increased duct pres-
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tained increases in calcium, activation of 
the RyR calcium channel, plus mitochon-
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