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Acute pancreatitis is a disease associated with inflammation and
tissue damage. One protein that protects against acute injury,
including ischemic injury to both the kidney and heart, is renalase,
which is secreted into the blood by the kidney and other tissues.
However, whether renalase reduces acute injury associated with
pancreatitis is unknown. Here, we used both in vitro and in vivo
murine models of acute pancreatitis to study renalase’s effects on
this condition. In isolated pancreatic lobules, pretreatment with
recombinant human renalase (rRNLS) blocked zymogen activation
caused by cerulein, carbachol, and a bile acid. Renalase also blocked
cerulein-induced cell injury and histological changes. In the in vivo
cerulein model of pancreatitis, genetic deletion of renalase resulted
in more severe disease, and administering rRNLS to cerulein-ex-
posed WT mice after pancreatitis onset was protective. Because
pathological increases in acinar cell cytosolic calcium levels are
central to the initiation of acute pancreatitis, we also investigated
whether rRNLS could function through its binding protein, plasma
membrane calcium ATPase 4b (PMCA4b), which excretes calcium
from cells. We found that PMCA4b is expressed in both murine
and human acinar cells and that a PMCA4b-selective inhibitor
worsens pancreatitis-induced injury and blocks the protective
effects of rRNLS. These findings suggest that renalase is a protec-
tive plasma protein that reduces acinar cell injury through a plasma
membrane calcium ATPase. Because exogenous rRNLS reduces
the severity of acute pancreatitis, it has potential as a therapeutic
agent.

Acute pancreatitis is a potentially life-threatening disease
that affects more than 250,000 people each year in the United
States, making it the leading cause of hospitalization for gastro-

intestinal disorders (1). In those with severe disease, mortality
rates of 10 –30% are reported. The mainstay of treatment is
supportive care, a fact that likely relates to our limited under-
standing of the pathogenesis of acute pancreatitis.

A number of injurious factors can contribute to the initiation
and progression of acute pancreatitis. The pancreatic acinar cell is
held to be the most likely site of disease initiation. One of the ear-
liest and most studied responses in acute pancreatitis are changes
in acinar cell cytosolic calcium [Ca2�]i signaling (2). Physiologic
stimulation results in an oscillatory response in [Ca2�]i. During
pathologic stimulation, this oscillatory response is replaced by a
much higher non-oscillatory [Ca2�]i spike that remains above
baseline levels for a prolonged time. Other important early pan-
creatitis responses that can influence the onset and severity of
this disease include activation of digestive enzymes in the
acinar cell, up-regulation of inflammatory responses, and
enhanced vascular permeability. Although the list of damaging
factors is extensive and includes IL1, IL6, TNF�, and platelet-
activating factor, less is known about endogenous factors that
can limit disease severity.

In a search for factors that might mediate the clinical effects of
renal failure, the serum protein renalase (RNLS)3 was discovered
(3). This secretory protein is primarily made by the kidney but is
also synthesized in other tissues and disappears from the serum
during chronic renal failure. Administration of exogenous recom-
binant RNLS (rRNLS) reverses some of the complications of
experimental chronic renal failure and reduces acute oxidative
renal injury (4). This protective effect on acute injury was indepen-
dent of RNLS’s NADH oxidase activity. We have subsequently
found that RNLS functions as a prosurvival factor both in vitro and
in vivo in the context of malignancy (5, 6). This effect appears to be
mediated by selective binding of RNLS to a plasma membrane
calcium ATPase (PMCA), most likely the PMCA4b isoform (7).
We have shown that oxidant injury to cultured renal cells can be
reduced by RNLS stimulation of PMCA (7). Thus, in cultured cells,
RNLS binding to PMCA4b mediates its survival effects; the PMCA
inhibitor caloxin and an siRNA specific for PMCA4b both block
the RNLS protective effects (7).

This study examines the potential role of RNLS using a stan-
dard experimental model of cerulein-induced pancreatitis in
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the mouse. Cerulein (CER) is an orthologue of the mammalian
hormone cholecystokinin. When given at concentrations 10-
100-fold greater than physiologic levels, cerulein reproducibly
causes an edematous and non-lethal form of acute pancreatitis.
In acinar cells, we found that rRNLS reduced cerulein-induced
injury. In a mouse with genetic deletion of RNLS, cerulein-
induced pancreatitis was worse than that seen in wild-type
(WT) mice. Administering exogenous rRNLS after the induc-
tion of cerulein pancreatitis reduced disease severity. These
protective effects of renalase are likely related, at least in part, to
activation of plasma membrane calcium ATPase. These results
provide a basis for further investigation into RNLS as a poten-
tial treatment for pancreatitis.

Results

Renalase pretreatment decreases pancreatitis responses in
isolated pancreatic tissue

The potential protective effects of renalase were first exam-
ined in pancreatic lobules exposed to agents that elicited early

pancreatitis responses in acinar cells. Lobules treated with
secretagogues showed variation in both basal and stimulated
zymogen activation among experiments but had the same pat-
tern of activation. For this reason, data are presented as -fold
versus maximal response. We observed that the effects of
rRNLS on CER-stimulated zymogen activation was concentra-
tion-dependent, inhibiting both trypsinogen (Fig. 1A) and chy-
motrypsinogen activation (Fig. 1B) with 25 �g/ml or higher
RNLS having a significant effect. For all subsequent experi-
ments, a dose of 25 �g/ml was used. rRNLS also inhibited car-
bachol (a muscarinic receptor agonist)-stimulated trypsinogen
(Fig. 1C) and chymotrypsinogen activation (Fig. 1D) and tended
to have similar protective effects after bile acid exposure (Fig. 1,
E and F). rRNLS significantly reduced cellular injury as mea-
sured by MTT conversion, a measure of metabolic function, in
CER-treated lobules (Fig. 2A). rRNLS also prevented morpho-
logic changes in acinar cells associated with pancreatitis; most
notably, the typical acinar cell vacuolization was eliminated
(Fig. 2B, compare panel 2 versus panel 4). These observations

Figure 1. RNLS decreases secretagogue-stimulated zymogen activation in pancreatic lobules. The concentration dependence of rRNLS on CER-stimu-
lated zymogen activation in pancreatic lobules was examined with or without recombinant RNLS (5–25 �g/ml) for 30 min prior to addition of either medium
or cerulein (100 nM) for 30 min, and trypsin (A) and chymotrypsin (B) activities were measured. The effects of RNLS (25 �g/ml) on carbachol (Carb) (1 mM) or TLCS
(500 �M) added to cells after RNLS treatment for 30 min were examine, and trypsin (C, carbachol; E, TLCS) and chymotrypsin (D, carbachol; F, TLCS) activities
were assayed. *, p � 0.05 compared with cerulein, carbachol, or TLCS alone. For cerulein, n � 7 studies (n � 3 studies for 50 �g/ml RNLS); for carbachol, n � 4
studies; for TLCS, n � 5 studies. Values represent the mean, and error bars represent the S.E.
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provide evidence that RNLS can directly act on the pancreatic
acinar cell to reduce pancreatitis injury. We next examined the
effects of pancreatitis on plasma RNLS levels.

Induction of pancreatitis decreases serum renalase levels,
which return to baseline prior to recovery from pancreatitis

Within 15 min of inducing CER pancreatitis, plasma RNLS
levels were reduced; the lowest value was reached by 1 h (Fig.
3A). Levels remained low during the entire 6-h course of treat-
ment but returned to control levels 6 h after CER treatment
stopped (at 12 h). Markers of pancreatitis such as serum amy-
lase (Fig. 3B) and tissue edema (Fig. 3C) returned to control

levels by 24 h after the initiation of pancreatitis. Thus, return of
plasma RNLS to control values appears to precede other
parameters of pancreatitis recovery.

Genetic deletion of renalase (KO) increases pancreatitis in vivo

The effects of endogenous RNLS in control conditions and
on the severity of CER pancreatitis (7 h after induction) were
examined in mice with a pan-deletion of RNLS. This genetic
model was developed in our laboratory and its primary pheno-
type is mild hypertension (8). No overt differences were seen in
baseline responses (data not shown). After induction of CER
pancreatitis, we found that RNLS deletion did not change either

Figure 2. RNLS reduces injury in pancreatic lobules. Pancreatic lobules were preincubated with RNLS (25 �g/ml) for 30 min prior to CER (100 nM) adminis-
tration to induce pancreatitis responses. Markers of cellular injury were assayed. A, MTT conversion. B, panels 1– 4, pancreatic histology (H&E staining; photos
taken at 400�). #, p � 0.05 versus control; *, p � 0.05 versus CER alone. For MTT, n � 4 studies; for histology, n � 3 studies. Values represent the mean, and error
bars represent the S.E.
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tissue edema (percent wet weight) or serum amylase levels (data
not shown). Some histological features of CER-induced pancre-
atitis were worse in RNLS knock-out mice, including edema
and macrophage infiltration, but not neutrophil infiltration or
vacuolization, and the number of pyknotic nuclei decreased
(Fig. 4). These findings suggest that genetic deletion of RNLS
worsens select early parameters of CER-induced pancreatitis
compared with WT. We next determined whether exogenous
RNLS could reduce the severity of CER-induced pancreatitis.

Effects of renalase after the onset pancreatitis

To better reflect the clinical presentation in which most pan-
creatitis patients are seen after disease onset, rRNLS was given
after disease onset in our experimental model. rRNLS adminis-
tration did not affect baseline parameters such as tissue edema
(by percent wet weight) or serum amylase (data not shown).
However, CER pancreatitis was much less severe histologically
(Fig. 5). This included less morphologic edema (Fig. 5E), fewer
vacuoles (Fig. 5F), and a significant decrease in neutrophil infil-
tration (Fig. 5H). Together, these findings suggest that RNLS
has protective effects in cellular and in vivo models of acute
experimental pancreatitis. Because other studies from our
group have suggested that RNLS may act through a plasma
membrane calcium ATPase, we investigated whether this could
also be a target in the pancreas (7).

PMCA gene expression in pancreatic acinar cells

We recently used photoaffinity cross-linking to identify
plasma membrane RNLS-binding proteins; the PMCA type 1

and 4b isoforms were identified (7). Genetic down-regulation of
PMCA4b was shown to eliminate the protective effect of RNLS
in cultured cells (7). To determine whether such transporters
were encoded for in the pancreatic acinar cell, we used poly-
merase chain reaction (PCR) analysis and PMCA isoform–
specific primers. Mouse brain, which contains all major PMCA
isoforms, was used as a positive control. Murine pancreatic aci-
nar cells showed transcripts for PMCA1, -2, and -4. PMCA4 has
two splice variants, PMCA4a and PMCA4b; only PMCA4b was
found in acinar cells (Fig. 6A). In human pancreatic acinar cells,
PMCA1 and -4b were highly expressed (Fig. 6B). We next
examined the localization of PMCA4 in acinar cells.

Localization of PMCA4b in pancreatic lobules

To determine the distribution of PMCA4b in pancreatic tis-
sue, we double labeled control pancreas with an antibody spe-
cific for PMCA4b (JA-3) and phalloidin, which labels apical
F-actin bundles in the acinar cell. We found that PMCA4b pri-
marily had a predominately basal distribution and did not colo-
calize with phalloidin staining (Fig. 6). This distribution is con-
sistent with a basolateral localization of the transporter in most
other epithelial cells, although an apical distribution has been
reported in the parotid acinar cell (9, 10). Whether PMCA
could mediate the effects of RNLS in the acinar cell was next
investigated using an inhibitor of PMCA and examining the
effects of RNLS on secretagogue-stimulated zymogen activa-
tion and cellular injury.

Figure 3. Plasma RNLS levels drop dramatically with CER stimulation in vivo. Pancreatitis was induced in mice by six hourly injections of CER (50 �g/kg of
body weight). At the indicated times after the first CER injection, plasma and pancreas were collected for determination of plasma RNLS levels by immunoblot
analysis (A), plasma amylase levels (B), and tissue edema as determined by wet versus dry weight (C). White bars are control, which received only PBS. Black bars
are CER-treated. *, p � 0.05 compared with PBS (white bar). n � 5 or more for each time point. Values represent the mean, and error bars represent the S.E. AVG,
average.

Renalase reduces experimental pancreatitis

21050 J. Biol. Chem. (2017) 292(51) 21047–21059



A PMCA inhibitor blocks the protective effect of renalase on
secretagogue-stimulated pancreatitis in pancreatic lobules

To determine whether PMCA was involved in the protective
effects of RNLS, we used caloxin 1b1, a peptide inhibitor that
exhibits selectivity for PMCA4a and PMCA4b. We preincu-
bated pancreatic lobules with caloxin 1b1 (100 �M) for 30 min
prior to the addition of RNLS followed by CER stimulation. As

shown in Fig. 7, we found that caloxin 1b1 pretreatment had no
significant effect on basal zymogen activation (Fig. 7, A and B)
or amylase secretion (Fig. 7C). However, it blocked the protec-
tive effect of renalase on CER (100 nM)-stimulated trypsinogen
(Fig. 7A) and chymotrypsin (Fig. 7B) activation. Caloxin 1b1
pretreatment reversed the decrease in CER-stimulated amylase
secretion seen with RNLS (Fig. 7C). Interestingly, caloxin

Figure 4. Genetic deletion of RNLS in vivo causes an increase in cerulein-stimulated histological damage in vivo. WT or RNLS KO (renalase �/�) animals
were given six hourly injections of either PBS as a control or cerulein (50 �g/kg) to induce pancreatitis. Tissues were fixed in buffered formalin and stained with
H&E. A, WT control. B, WT cerulein. C, RNLS�/�. D, RNLS�/� � cerulein. Slides were examined, and sections were randomly photographed at 400�. Slides were
scored in a blinded manner for histologic markers of pancreatitis based on previously published criteria (22, 27). Markers examined included edema (E),
intracellular vacuoles (F), pyknotic nuclei and apoptotic bodies (G), macrophages (H), and neutrophils (I). *, p � 0.05 compared with analogous WT cerulein. n �
3 for each treatment group. Values represent the mean, and error bars represent the S.E.
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tended to enhance CER (100 nM)-stimulated zymogen activa-
tion when RNLS was not present. To further examine the effect
of caloxin 1b1 on zymogen activation, we pretreated lobules
with caloxin with or without various concentrations of CER
(Fig. 8, A and B). Caloxin 1b1 tended to enhance both basal and

CER-stimulated trypsin activation (Fig. 8A). Although the same
pattern was seen for chymotrypsin, the changes were not sig-
nificant (Fig. 8B). Similar results for caloxin 1b1 sensitization
were seen with trypsinogen (Fig. 8C) and chymotrypsinogen
(Fig. 8D) activation in response to carbachol. The effects of

Figure 5. RNLS administration after the induction of cerulein pancreatitis decreases histologic changes associated with cerulein pancreatitis. WT mice
were given six hourly injections of either PBS as a control or cerulein (50 �g/kg) to induce pancreatitis. Concurrent with the third cerulein injection, RNLS (4
mg/kg) was given to half of the animals in each group, and PBS was given to the other half. Tissues were fixed in buffered formalin and stained with H&E. A,
control (CTL). B, cerulein. C, RNLS (REN) alone. D, RNLS after cerulein. Stained slides were examined, and random fields were photographed at 400�. Sections
were scored in a blinded manner for histologic markers of pancreatitis, including edema (E), intracellular vacuoles (F), pyknotic nuclei and apoptotic bodies (G),
neutrophils (H), and macrophages (I). *, p � 0.05 compared with cerulein alone. n � 4 for each treatment group. Values represent the mean, and error bars
represent the S.E.
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RNLS on cell injury were then evaluated. As shown in Fig. 9,
pretreatment with caloxin 1b1 blocked the protective effects of
RNLS after CER hyperstimulation as measured by the MTT
assay of metabolic function. Although caloxin alone enhanced
cell injury, it did not increase injury induced by supraphysi-
ologic CER. Caloxin alone had no effect on injury associated
with lower doses of CER (data not shown). Lastly, caloxin alone
did not cause intracellular vacuole formation as is seen in CER
treatment (data not shown). Together, these studies suggest
that the protective effects of RNLS on CER-induced acinar cell
injury are mediated by a PMCA. Based on our previous studies
using affinity cross-linking to identify RNLS-binding proteins

and knockdown studies in other cell types, these effects are
likely mediated by PMCA4b.

Discussion

Here, we examine whether RNLS, a plasma protein with protec-
tive effects in models of acute renal and cardiac injury (11, 12),
could decrease injury in murine models of acute pancreatitis and
whether it can act directly on the pancreatic acinar cell. Using the
standard cellular and in vivo models of cerulein-induced acute
pancreatitis, we observed a protective effect of RNLS. This
included the effects of rRNLS on injuries generated by CER, car-
bachol, and bile acids on isolated groups of acinar cells. Global

Figure 6. PMCA isoforms are expressed in the pancreatic acinar cell. RNA was isolated from both mouse and human pancreatic acinar cells as well as whole
brain as a positive control. First-strand cDNA was generated and used as a template for PCRs. Specific primers were used for the different PMCA isoforms. A,
mouse. B, human. PMCA4b was also localized to the basal/lateral membrane of pancreatic acinar cells by immunofluorescence. C, representative image of
pancreatic tissue labeled for PMCA4b (green), actin (phalloidin; red), and nuclei (DAPI; blue). Photomicrographs were taken at 400� or 1000� magnification.
Arrowheads indicate apical actin staining, and arrows indicate predominately basal PMCA4b labeling.
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deletion of RNLS in mice also resulted in more injury in the CER
model, whereas administration of recombinant RNLS to WT mice
reduced the severity of acute pancreatitis. When pancreatitis was
induced by CER treatment, there was a rapid decrease in plasma
renalase levels, reaching a nadir by 1 h. A low level of plasma RNLS
persisted until 6 h when CER treatment ended; after 12 h, plasma
RNLS levels returned to or exceeded baseline levels. The recovery

of plasma renalase at 12 h preceded the resolution of pancreatitis,
including increased pancreatic edema and serum amylase, which
only normalized 24 h after the onset of injury. It may be that the
return of plasma renalase levels to normal played a role in disease
resolution.

Circulating RNLS may target multiple resident cell types
within the pancreas, including endothelial cells, duct cells, islet

Figure 7. Caloxin blocks RNLS’s protective effects against CER-induced zymogen activation and amylase secretion. Pancreatic lobules were treated
with or without caloxin 1b1 (100 �M) for 30 min before the addition of RNLS (25 �g/ml). After 30 min of RNLS treatment, pancreatitis was induced in some
lobules by the addition of CER (100 nM) for 30 min. Assays for zymogen activation (A, trypsin; B, chymotrypsin) and amylase secretion (C) were performed. *, p �
0.05 versus CER alone; #, p � 0.05 versus CER � renalase. For trypsin activation, chymotrypsin activation, and amylase secretion, n � 4 or more. Values represent
the mean, and error bars represent the S.E.

Figure 8. Inhibition of PMCA4 by caloxin 1b1 enhances CER- and carbachol-induced zymogen over a range of doses. Pancreatic lobules were isolated
and pretreated with caloxin 1b1 (100 �M) for 30 min prior to treatment with either CER (0.1 or 10 nM) or carbachol (1, 100, or 1000 �M). Samples were assayed
for trypsin (A, CER; C, carbachol (Carb)) and chymotrypsin (B, CER; D, carbachol) activities. *, p � 0.05 versus same treatment without caloxin 1b1. n � 3 for each
experiment. Values represent the mean, and error bars represent the S.E.
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cells, and (as our data suggest) pancreatic acinar cells. Effects of
RNLS on inflammatory cells, especially macrophages, are also
likely. We recently reported that tumor-resident macrophages
express high levels of RNLS and that this is associated with the
macrophages having an anti-inflammatory M2 phenotype (6).
M2 macrophages are associated with wound healing, tissue
repair, and tumor promotion. In the context of cancer, we have
suggested that dysregulated RNLS signaling could bias macro-
phages to an M2-like phenotype (13). We have also found that
RNLS suppresses inflammasome activity in stimulated macro-
phages.4 These findings are consistent with RNLS acting to sup-
press acute inflammatory responses. The plasma membrane
ATPase PMCA4b has been identified as a receptor for renalase
(7). Macrophages have been found to express PMCA4 (14).
Studies are underway to examine the role of RNLS in macro-
phage responses in pancreatitis; we believe that RNLS will be
found to have a role in modulating acute inflammation as well
as resolution of this disease.

Previous studies have implicated PMCA in acute pancreatic
acinar cell injury. In a study of oxidant stress induced by H2O2,
complex concentration-dependent effects on acinar cell Ca2�

signaling and PMCA activity were observed (15). The authors
concluded that, under control conditions, Ca2� extrusion
through PMCA was the major pathway for lowering cytosolic
Ca2�. Noting that insulin appears to have a protective role in
models of exocrine pancreatic injury, its effects were examined
in the setting of acinar cell oxidant-induced injury (16). In this
study, insulin was found to substantially reduce acinar cell
injury, increase PMCA-dependent Ca2� extrusion, and reverse
oxidant-dependent PMCA inhibition. Finally, in a pancreatic
acinar cell model thought to simulate the oxidative conditions
that cause alcohol- and fatty acid–related acute pancreatitis,
insulin was shown to be protective and reduce Ca2� overload
through activation of PMCA (17). This study concluded that
the effects of insulin on PMCA activities were through PI3K/
Akt– dependent mechanisms that preserve ATP levels as well
as unidentified PI3K/Akt–independent mechanisms. Together

with the findings of this study, we conclude that PMCA activa-
tion can reduce acinar cell pancreatitis injury (7). However, the
present study provides three important advances. First, unlike
insulin, it reports that activation of PMCA by a ligand that likely
binds its extracellular domain (RNLS) can be protective. Sec-
ond, it demonstrates the potential benefits of this ligand using
an in vivo model of acute pancreatitis. Finally, by demonstrating
that genetic deletion of RNLS results in more severe experi-
mental pancreatitis, it suggests a role for the endogenous pro-
tein in modulating injury. This is further supported by our
results showing that inhibition of PMCA4 enhanced secreta-
gogue-stimulated zymogen activation even at subpathologic
concentrations.

PMCAs are a widely distributed protein family with four
major members that each modulates cellular calcium efflux as
well as other signaling pathways (18). PMCA activities and
functions are regulated by the lipid environment and subcellu-
lar distribution. Variations in isoforms mediate interactions
between different PMCAs and distinct scaffolding and signal-
ing pathways. For example, PMCA4b can suppress neuronal
NOS and NO generation (19). Work from our laboratory, based
on siRNA knockdown, has shown that PMCA4b isoform medi-
ates the protective effects of RNLS in other cell types (7). Here,
we show evidence that, in the murine pancreatic acinar cell,
PMCA4 immunoreactivity is distributed primarily to the cell’s
basolateral domain. This finding is consistent with what is
found in human pancreas (20). Based on this and the presence
of PMCA4b mRNA in murine and human pancreatic acinar
cells, we believe that it is also likely an effector for RNLS in
pancreatic acinar cells. However, because we also detected
PMCA1 mRNA in acinar cells, we cannot exclude it as an RNLS
target in this system. We also found that RNLS prevented aci-
nar cell injury and that chemical inhibition of PMCA with
caloxin 1b1 blocked this protective effect of RNLS on cell
injury. In addition, we found that treatment with caloxin 1b1
enhanced both CER- and carbachol-stimulated zymogen acti-
vation. This suggests that activation of PMCA4 by RNLS or
other mechanisms can reduce acinar cell injury. This, along
with our observation that plasma levels of RNLS dramatically
fall with CER treatment, suggests that the loss of circulating
RNLS may modulate disease severity. PMCA activation can
affect calcium efflux as well as other signaling pathways, includ-
ing Akt, ERK, NO, and cAMP levels (4). Which of these path-
ways is linked to the protective effects of RNLS and whether
RNLS has important interactions with other plasma membrane
proteins are important topics for future study.

In vivo studies using the CER model of acute pancreatitis
showed that administration of exogenous recombinant RNLS
reduced the severity of cerulein pancreatitis when given after
disease onset. Although we demonstrated that RNLS can
reduce acute injury to acinar cells, its effectiveness when given
after disease onset could reflect its action on the acinar cell as
well as other cell types, including inflammatory cells. For exam-
ple, our published and preliminary studies suggest that RNLS
can suppress innate immune responses in macrophages, a cell
population that has been shown to mediate injury in acute pan-
creatitis (6).44 G. V. Desir, unpublished observations.

Figure 9. The effects of caloxin 1b1 treatment on cell injury in pancreatic
lobules. We determine whether caloxin 1b1 could reverse the protective
effect RNLS pretreatment had against CER (100 nM)-induced injury (MTT
assay). Lobules were pretreated with caloxin 1b1 (100 �M) for 30 min followed
by 30-min treatment with RNLS (25 �g/ml) and finally stimulation with CER
(100 nM) for 90 min. Injury was then assessed by MTT assay. *, p � 0.05 versus
control; @, p � 0.05 versus CER alone; #, p � 0.05 versus CER � renalase. n � 3.
Values represent the mean, and error bars represent the S.E.
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Observations made in these animal and cellular models could
be relevant to human disease. For example, that the RNLS�/�

mouse develops more severe pancreatitis suggests that defi-
ciency of this protein in humans could increase the severity of
acute injury. In this context, RNLS was discovered as a circulat-
ing protein that largely disappears in subjects with renal failure.
Renal failure is associated with a greater risk of both developing
acute pancreatitis and experiencing more severe disease. It is
possible that RNLS deficiency contributes to the pancreatitis
risk in renal failure. The reduced RNLS levels early in the course
of experimental pancreatitis could also account for the benefit
of giving exogenous RNLS. Functional polymorphisms in RNLS
have been linked to hypertension in humans. It will be of inter-
est to know whether similar variations in this protein can mod-
ulate the severity of acute injury, including acute pancreatitis.

In summary, we have shown that the recently described
plasma protein RNLS reduces acute pancreatitis injury in cel-
lular and in vivo murine models of this disease and that genetic
deletion of RNLS led to more severe pancreatitis. An important
target for this protective effect is likely the activation of
PMCA4b on the pancreatic acinar cell. Our results suggest that
RNLS may act through PMCA4 to prevent cell injury associated
with pancreatitis and provide initial data suggesting that RNLS
could serve as a treatment of acute disease.

Experimental procedures

Ethics statement

All experiments and procedures using animals were approved
by the Veterans Administration Institutional Animal Care and
Use Committee, West Haven, CT (Veterans Administration
Public Health and Safety, Office of Laboratory Animal Welfare
Assurance Number A4363-01).

Animals used

All wild-type animals used were male C57/BL6 mice weigh-
ing approximately 25 g. The renalase KO mice are on a C57/BL6
background, and both male and female animals used due to
availability (8).

Preparation and isolation of recombinant renalase

The gene encoding human renalase1 (hRNLS) was pur-
chased from Enzymax and cloned into pET-28a(�) expression
vector (Novagen) to incorporate an N-terminal His tag. BL21
cells (Novagen) were transfected and grown in LB medium con-
taining 100 �g/ml kanamycin. Once cultures reached an OD of
1, isopropyl 1-thio-�-D-galactopyranoside (0.1 mM final) was
added to induce protein production. Cultures were grown over-
night with shaking at room temperature to avoid the formation
of inclusion bodies, the following day bacteria were centrifuged
at 4000 � g for 30 min, and the resulting bacterial pellet was
collected. The pellet was then solubilized, and recombinant
protein was purified using a HisTALON kit (Clontech). 1-ml
fractions were collected, and those containing renalase were
pooled. Endotoxin was removed from the pooled fractions
using endotoxin removal resin according to the manufacturer’s
directions (Pierce High-capacity Endotoxin Removal Resin,
Thermo Scientific, Rockford, IL). The endotoxin-cleared sam-

ple was then dialyzed (Slide-A-Lyzer, 10,000 molecular weight
cutoff, Thermo Scientific, Rockford, IL) in 2 liters of phosphate-
buffered saline (PBS; pH 7.4), changing twice. Dialyzed protein
was concentrated with an Amicon Ultra-15 (10,000 molecular
weight cutoff, EMD/Millipore, Billerica, MA). Protein concen-
tration was determined using A280 nm, and sample was diluted
to 0.5 mg/ml with PBS and stored at �80 °C.

Preparation of isolated pancreatic lobules and pancreatic
acini

C57/BL6 or renalase knock-out mice (renalase�/�) weighing
�25 g were used to generate pancreatic lobules. On the day of
the experiment, animals were euthanized by CO2 inhalation,
and the pancreas was removed. For lobules, pancreatic frag-
ments (�5-mm diameter) were mechanically separated and
washed with incubation buffer (10 mM Hepes (pH 7.4), 95 mM

NaCl, 4.7 mM KCl, 0.6 mM MgCl2, 1 mM NaH2PO4, 10 mM

glucose, 2 mM glutamine, 0.1% bovine serum albumin, and 1�
minimum essential medium amino acids (Gibco). One to two
lobules were then placed into each well of a 24-well Falcon
tissue culture plate (BD Biosciences) containing 0.5 ml of incu-
bation medium. For pancreatic acini, the removed pancreas
was minced and processed by mechanical disruption and colla-
genase digestion as described (21). Acini were placed in the
incubation buffer above and processed for pancreatitis
responses as described (21). All reagents were purchased from
Sigma unless otherwise noted.

Induction of pancreatitis in pancreatic lobules and
pretreatment with renalase and/or caloxin 1b1

Lobules were pretreated with RNLS (5–25 �g/ml) prior to
the induction of pancreatitis by one of the following secreta-
gogues for 30 min to 2 h (depending on the experiment) with
either CER (0.1–100 nM), carbachol (1 �M–1 mM), or tauro-
lithocholic acid sulfate (TLCS; 500 �M) to induce pancreatitis
responses. RNLS (1–25 �g/ml of medium) was added to appro-
priate wells 30 min prior to the addition of CER, carbachol, or
TLCS. Caloxin 1b1 (100 �M) was used to inhibit PMCA activa-
tion and was added to appropriate wells 30 min prior to the
addition of RNLS. After treatments, 50 �l of cell-free medium
was removed to assay for amylase secretion. The remaining
medium containing the pancreatic lobules was homogenized by
hand using 10 strokes in a 2-ml glass Teflon homogenizer. The
homogenate was centrifuged at 500 � g for 10 min, and the
resulting supernatant was used to assay zymogen activation and
amylase secretion.

Zymogen activation assays

The supernatant from pancreatic lobules was assayed for
zymogen activity using fluorogenic substrates as described (21).
Briefly, 50 �l of enzyme substrate (40 mM final) (chymotrypsin
from Calbiochem; trypsin from Peptides International, Louis-
ville, KY) was added to each well containing 20 –50 �l of sample
and 400 – 430 �l of assay buffer (50 mM Tris (pH 8.1), 150 mM

NaCl, and 1 mM CaCl2) for a total volume in the well of 500 �l.
The plate was then read using a fluorometric plate reader
(Flx800, BioTek Instruments, Winooski, VT) at an excitation
wavelength of 380 nm and emission wavelength of 440 nm for
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20 measurements over 10 min. The slope of the resulting line,
which represents enzyme activity of the homogenate, was nor-
malized to total amylase content.

In vivo model of pancreatitis and renalase post-treatment

Mice (�25 g) were fasted overnight and then given six hourly
i.p. injections of cerulein (50 �g/kg of body weight in 200 �l of
PBS) to induce pancreatitis. For studies that examined the
effects of renalase administration postinduction of pancreatitis,
rRNLS (4 mg/kg of body weight in 200 �l of PBS) was given
concurrently with the third CER injection. Tissues and blood
were collected for assay at relevant time points (all time points
are designated as time after first CER injection).

Histology and immunostaining

Pancreatic lobules (in vitro) or tissue pieces (in vivo) were
placed into cassettes and fixed in normal buffered formalin.
Specimens were washed into 70% ethanol and brought to the
Yale Pathology Tissue Services Lab for paraffin embedding, sec-
tioning, and processing for H&E and immunostaining. Histol-
ogy slides were examined by light microscopy at 400�, and
either histologic markers were scored or immunoreactive cells
were counted. Histologic scoring was done based on previously
described criteria (22). All histology images were photographed
at 400�.

Immunofluorescence

Tissues were removed, cut into small (about 10-mm) cubes,
and fixed in 2% paraformaldehyde in PBS for 30 min on ice.
Tissues were then washed and placed into 15% sucrose in PBS
overnight at 4 °C. The next day tissues were placed into Cryo-
molds (Sakura Finetek, Torrance, CA) and snap frozen on dry
ice in O.C.T. Compound (Sakura Finetek). Thin sections were
cut using a cryostat at �20 °C and placed on slides. Samples
were permeabilized in IF buffer with Tris-buffered saline (TBS),
0.05% Triton X-100, and 5 mM benzamidine for 5 min � 3 at
room temperature followed by a quench/block with IF buffer
with 50 mm ammonium chloride and 5% goat serum. Slides
were then rinsed in IF buffer twice at room temperature. Pri-
mary antibody anti-PMCA4b (JA-3, Santa Cruz Biotechnology,
Dallas, TX) was added to slides at a dilution of 1:100 in IF buffer
and incubated overnight at 4 °C in a humidified chamber. The
next day slides were washed twice with IF buffer with 0.2% BSA
for 10 min each followed by washing twice in IF buffer for 10
min each. Second antibody was then added (Alexa Fluor 488 at
1:500 dilution) in IF buffer and incubated at room temperature
for 1 h. Thirty minutes into the second antibody incubation
phalloidin conjugated to Alexa Flour 555 was added to slides to
double label for F-actin during the remaining 30 min. Slides
were then washed twice with IF buffer with 0.2% BSA for 5 min
each followed by washing twice with IF buffer for 5 min each
and finally once with TBS (pH 7.5) for 5 min. Lastly, slides were
mounted with VECTASHIELD hard set mounting medium
with DAPI (Vector Labs, Burlingame, CA). When dry, slides
were examined using a fluorescence microscope (Zeiss Axio-
phot), and images were captured using a digital camera (Spot
Imaging).

Amylase assay

Samples were thawed on ice, and the cell-free supernatant
was assayed for secreted amylase. The remaining sample (lob-
ule plus medium) from the zymogen activation assays was
assayed for total amylase. Amylase activity was determined
using a commercial kit. Amylase secretion was calculated as
percent total release (medium/medium � cells). Plasma amy-
lase content was measured according to the manufacturer’s
instructions (Phaebadas kit, Magle Life Sciences, Lund,
Sweden).

PCR

All PCR primers are described in Table 1. The mouse primers
for PMCA1– 4 (23, 24) and PMCA4a and PMCA4a/b (25) have
been described. The human PMCA primers were designed
using Primer-BLAST (National Institutes of Health). Human
cDNA was provided by Guy Groblewski of the University of
Wisconsin. Mouse cDNA was produced from total RNA iso-
lated from mouse pancreatic acini, pancreas, and kidney using
TRIzol (Ambion/Thermo Fisher, Grand Island, NY). First-
strand cDNA was prepared using a Verso cDNA synthesis kit
(Thermo Fisher) following the manufacturer’s protocol. PCR
was carried out using a Platinum Taq DNA polymerase kit
(Invitrogen) and 1 �l of first-strand cDNA in a 50-�l reaction
volume containing 1� PCR Buffer (from the kit), 1.65 mM

MgCl2, 200 mM each deoxynucleotide triphosphate, 1.25 units
of Taq DNA polymerase (Invitrogen), and 200 nM each primer
(Table 1). For amplification of PMCA isoforms, the following
conditions were used: initial denaturation for 2 min at 95 °C and
then 40 cycles of denaturation (94°, 30 s), annealing (60 °C, 30 s),
and extension (72 °C, 30 s). This was followed by a single exten-
sion step for 1 min at 72 °C. PCR products were analyzed on 1%
agarose gels with ethidium bromide.

MTT assay

The reduction of MTT to formazan is a measure of redox activ-
ity and has been used as a marker of cell viability as well as cell
proliferation. It is generally thought that this reaction takes place in
mitochondria, but a recent study has shown only about 25% of
MTT reduction is associated with mitochondria; the remainder
takes place at a distance by non-mitochondrial enzymes. This sug-
gests that MTT reduction can be used as a more general marker of
redox activity (26). Here, we used MTT reduction to formazan as a
general marker of metabolic health. To assay MTT activity, a stock
MTT solution (5 mg/ml) was made by dissolving MTT (Invitro-
gen) in sterile Dulbecco’s PBS. The solution was filtered using a
0.2-�m filter unit and stored at �20 °C protected from light. Pan-
creatic lobules were isolated and treated as indicated above. After
30 min of CER treatment, 100 �l of stock MTT was added to each
well (0.45 mg/ml final) for 1 h. Lobules were removed from the
wells, blotted dry, and homogenized in 750 �l of buffer (40% di-
methylformamide, 2% glacial acetic acid, 16% sodium dodecyl sul-
fate, and 42% water (pH 4.7)) using a conical tip homogenizer. The
homogenate was incubated at 37 °C for 2 h. The homogenate was
then centrifuged at 10,000 � g for 5 min, and the resulting super-
natant was read at 520 nm. Values were normalized to DNA
(A260 nm), and activity was expressed as a ratio of MTT (520 nm)/
DNA (A260 nm).
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Measurement of edema

Pancreatic tissue was harvested, and its wet weight was deter-
mined. Tissues were then dried at 60 °C for at least 48 h and
reweighed. Edema was expressed as percent wet weight (wet
weight � dry weight/wet weight � 100).

Statistical analysis

Data represent the mean � S.E. of at least three individual
experiments unless otherwise noted with each performed in at
least duplicate. Student’s t test analysis was used to determine
statistical significance for in vitro experiments, whereas a
Mann–Whitney test was used for in vivo experiments. A p value
of �0.05 was assigned significance.
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