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Objectives: Endoplasmic reticulum (ER) stress leads to misfolded
proteins inside the ER and initiates unfolded protein response (UPR).
Unfolded protein response components are involved in pancreatic
function and activated during pancreatitis. However, the exact role of ER
stress in the exocrine pancreas is unclear. The present study examined the
effects of 4-phenylbutyric acid (4-PBA), an ER chaperone, on acini and
UPR components.
Methods: Rat acini were stimulated with cholecystokinin (10 pmol/L to
10 nmol/L) with or without preincubation of 4-PBA. The UPR compo-
nents were analyzed, including chaperone-binding protein, protein
kinaselike ER kinase, X-boxYbinding protein 1, c-Jun NH2-terminal
kinase, CCAAT/enhancer-binding protein homologous protein, caspase
3, and apoptosis. Effects of 4-PBA were measured on secretion, cal-
cium, and trypsin activation.
Results: 4-Phenylbutyric acid led to an increase of secretion, whereas
trypsin activation with supraphysiological cholecystokinin was signifi-
cantly reduced. 4-Phenylbutyric acid prevented chaperone-binding pro-
tein up-regulation, diminished protein kinaselike ER kinase, and c-Jun
NH2-terminal kinase phosphorylation, prohibited X-boxYbinding protein
1 splicing and CCAAT/enhancer-binding protein homologous protein
expression, caspase 3 activation, and apoptosis caused by supraphysio-
logical cholecystokinin.
Conclusion: By incubation with 4-PBA, beneficial in urea cycle de-
ficiency, it was possible to enhance enzyme secretion to suppress trypsin
activation, UPR activation, and proapoptotic pathways. The data hint new
perspectives for the use of chemical chaperones in pancreatic diseases.
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T he exocrine pancreas is highly specialized in the production,
storage, and release of inactive digestive enzymes (zymo-

genes), as well as a bicarbonate-rich fluid. To match the demand
for digestive proteins, pancreatic acinar cells physiologically
have the highest rate of protein synthesis among all adult
human tissues.1 To adequately function, the pancreatic digestive
proteins must fold into a distinct 3-dimensional arrangement
and have to remain folded. Thus, the process of protein folding
and maturation is a crucial step in the transmission of genetic

information into a specific biological function. Folding and
stabilization take place inside the endoplasmic reticulum (ER)
lumen after synthesis on membrane-bound ribosomes for
a wealth of secretory proteins. After a protein enters the ER,
it begins its chaperone-assisted folding and stabilization
by multiple posttranslational modifications.2 To support its
prominent role in the synthesis of digestive enzymes, the
exocrine pancreatic acini have particularly abundant ER.1,3

The chaperone-protein association provides an optimal
protein-folding environment. It avoids uncontrolled and poten-
tially harmful protein aggregation in the ER lumen.4 After cor-
rect protein folding, chaperones will dissociate and the protein in
its locked tertiary structure exits the ER to move further along
the secretory pathway. If the folding is incomplete or incorrect,
export is inhibited by an ER quality control system. The proteins
are retained in the ER, bound to a chaperone until the folding
process is complete. An overly prolonged chaperon-protein as-
sociation directs misfolded proteins to the proteosomal ER-
associated protein degradation.5 The capacity of the ER to fold
proteins is presumably limited by chaperone resources and can
be exceeded by a high cellular protein demand during growth
and differentiation, protein overexpression, and supraphysiolo-
gical stimulation. These disturbances lead to the accumulation
of partially folded or misfolded proteins in the ER, provoking
ER stress response.6

Unfolded protein response (UPR) is the best-studied
part of the ER stress response. It balances the folding capac-
ity and folding demand within the organelle. It is achieved
through an up-regulation of ER-resident chaperones, ER en-
largement, down-regulation of gene transcription, and increase
in ER-associated protein degradation.6Y8 The UPR contains
at least 3 distinct ER stress-sensing components located in the
ER membrane appearing with a cytosolic and ER-luminal
domain. It is activated in response to ER stress: the double-
stranded RNA-activated protein kinaselike ER kinase (PERK),
the activation transcription factor (ATF) 6, and the inositol-
requiring protein (IRE) 1. These molecules and stress sensors
are associated with the luminal chaperone heavy chainYbinding
protein (BiP), also known as glucose-related peptide 78
(GRP78) from the heat-shock family 70. When proteins ac-
cumulate inside the ER, BiP preferentially associates with the
unfolded proteins to assist folding. This results in the seques-
tration from and activation of the molecules and their down-
stream signaling partners.9

Active PERK autophosphorylates, inhibits translation initi-
ation, and prevents further influx of nascent proteins into an al-
ready saturatedER.6,10 Dissociation of BiP from IRE1 activates its
ribonuclease activity. Once activated, the IRE1 cleaves the exon-
intron junctions of the basic leucine zipper domain transcrip-
tion factor X-box binding protein (XBP) 1 mRNA. After ligation,
the spliced XBP-1 (sXBP-1) encodes a transcriptionally active
sXBP-1 protein. The sXBP-1 increases the size of the ER and
elevates the levels of ER chaperones and folding enzymes.11,12
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However, if these complex adaptive mechanisms are not
sufficient and cells are exposed to prolonged and unbearable ER
stress, the stress-damaged cells are eliminated through induction
of apoptosis. Reports have shown that several moleculesV
including CCAAT/enhancer-binding protein homologous pro-
tein (CHOP), caspases, and molecules in the MAP kinase
cascadesVplay a role in ER stressYinduced apoptosis.13 CCAAT/
enhancer-binding protein homologous protein (also known as
GADD153, a member of the CAAT/enhancer-binding protein
family of basic leucine zipper domain transcription factors) tran-
scription is induced by PERK in response to ER stress. CCAAT/
enhancer-binding protein homologous protein regulates the ex-
pression of Bcl-2 family members, induces intracellular reactive
oxygen species, and promotes cell-cycle arrest.14,15 Caspase 12
leads to apoptosis selectively in response to ER stress via acti-
vation of caspase 3.16 Caspase 3 can also be activated by BCL2-
associated agonist of cell death and BCL2-associated X protein
activated by ER stress, and by up-regulation of NADH dehydro-
genase and NADH oxidase induced by ER stress.17 Active IRE1
binds and clusters TNF receptor-associating factor 2 and apoptosis
signal-regulating kinase 1. Together, they phosphorylate c-JunNH2-
terminal kinase (JNK). c-Jun NH2-terminal kinase, known to be
phosphorylated in pancreatitis, activates downstream transcription
factors, such as c-jun, c-fos, Sap-1, or regulates RNA stability.17Y19

Acute pancreatitis (AP)20 arises initially in acinar cells but
by incompletely understood mechanisms.21 Along with a pla-
teau-shaped increase of intracellular calcium, starting at the
apical zymogen-containing cell pole, a possible colocalization
between lysosomal hydrolases and zymogenes may lead to a
premature intracellular activation of trypsin and a blockage of
secretion of the digestive enzymes.22,23 It occurs with local in-
flammation, apoptosis, necrosis, a loss of organ function and,
in severe cases, with the development of a systemic inflamma-
tory response syndrome.24

Solid evidence suggests that ER stress responses are in-
volved in the early stages of AP. This includes dilatation or
vacuolation of the ER and loss of membrane-bound ribosomes
as one of the earliest morphological changes in AP.25Y28 Endo-
plasmic reticulum changes seem to be a common reaction of
acini to the induction of stress. Key regulators of the ER stress
response are altered during AP, and several ER-resident cha-
perones are up-regulated.29,30

This study was aimed to determine if fatty acid with ER
chaperone properties, 4-phenylbutyric acid (4-PBA), can reduce
the ER stress with its consequences in rat pancreatic acinar cells.
With the use of its ER stressYreducing potency, 4-PBA has
successfully been used in the treatment of urea cycle deficiency
and cystic fibrosis.31Y33 To identify and characterize possible
intracellular mechanisms, we investigated the results for 4-PBA
pretreatment on calcium signaling, amylase secretion, and trypsin
activation under conditions of physiological and pathophysio-
logical cholecystokinin (CCK) stimulation in isolated rat acini.

MATERIALS AND METHODS

Materials
Essential amino acids were from GIBCO, Invitrogen

(Carlsbad, Calif ), chromatographically purified collagenase
from Worthington Biochemical Corp (Lakewood, NJ), CCK
fromResearch Plus (Manasquan, NJ), 4-PBA from Calbiochem
(Darmstadt, Germany).

Acinar Amylase Secretion
Phadebas amylase test was purchased from Magle Life

Sciences International (Sweden).

Acinar Trypsin Activity
Protein assay was from Bio-Rad Laboratory Inc (Hercules,

Calif ), Substrat Boc-Gln-Ala-AMCIHCl from Bachem
(Bubendorf, Switzerland), purified trypsin for standards from
Sigma-Aldrich (St Louis, Mo).

Western Blotting
Molecular weight marker and protein assay and blotting

cells were purchased from Bio-Rad Laboratory Inc; proteinase
inhibitor from Merck Calbiochem (Darmstadt, Germany); ni-
trocellulose membrane Protean from Whatman (Maistone, UK);
antiphospho-PERK antibody (sc-32577-R), anti-XBP-1 antibody
(sc-7160), and anti-Caspase 3 antibody (sc-7148) fromSanta Cruz
Biotechnology (Santa Cruz, Calif ); anti-BiP antibody (#SPA-826)
from Stressgen (Ann Arbor, MI); anti-CHOP (ab11419) from
Abcam (Cambridge, UK), antiphospho JNK (#9251) from Cell
Signaling (Danvers, Mass); anti-Actin anti body (A5441) from
Sigma-Aldrich; secondary horseradish peroxidaseYconjugated an-
tibodies from GE Healthcare (Bucks, UK).

Intracellular Calcium Measurement
Fura-2-acetoxuymethyl ester was from Molecular Probes

(Eugene, Ore), and thapsigargin (T9033) was from Sigma-
Aldrich).

Annexin V Staining
The ApoAlert annexin V-FITC apoptosis kit (#630109) was

purchased from Clontech (Mountain View, Calif ).

Methods

Preparation of Isolated Acini
The preparation of pancreatic acini was carried out as

previously described.34 Briefly, pancreata from male Wistar rats
(150Y200 g; Charles River Laboratories Inc, Sulzfeld, Germany)
were removed and immediately digested by collagenase at 37-C
under an atmosphere of 95% O2 and 5% CO2, mechanically
dispersed, and passed through a 150-Kmmesh nylon cloth. Acini
were purified by an albumin gradient containing 4% bovine
serum albumin and resuspended in an Erlenmeyer flask in
hydroxyethyl piperazineethanesulfonic acidYRinger buffer
(supplemented with 0.1% bovine serum albumin, 0.01% trypsin
inhibitor pH 7.4) under the atmosphere of 100% O2.

In control experiments, basal levels of stress kinases and
other phosphorylation-dependent pathways are activated to a
limited extent in isolated, dispersed acini. Therefore, the isolated
acini were preincubated for 2 hours in a shaking water bath at
37-C before the experiments. 4-Phenylbutyric acid was dis-
solved in aqua bidest. The isolated cells were split and pre-
incubated for 2 hours with or without 3.75-nmol/L 4-PBA.
Dispersed acini were stimulated with different concentrations of
CCK (10 pmol/L to 10 nmol/L) for 30 minutes in 2-mL aliquots
in duplicates for each experiment. All experiments were carried
out at 37-C and repeated at least 4 times, with acini isolated from
different animals.

Quantification of Pancreatic Acini Amylase Secretion
After CCK stimulation, acini were spun down and the su-

pernatant was used to quantify amylase release as previously
described.35 Net stimulated secretion of amylase in percent was
calculated by subtracting the secretion in the absence of secre-
tagogue (‘‘basal’’ secretion) from the secretion of amylase noted
in the presence of CCK (‘‘stimulated’’ secretion). Additionally,
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the total amount of amylase in acinar cells was determined to
express the amount of amylase secretion in percent of total
amylase.

Measurement of Intracellular Calcium
Intracellular calcium concentrations were determined using

the calcium-sensitive fluorescent dye fura-2 acetoxymethylester.
Acini were loadedwith 1-Kmol/L fura-2 acetoxymethylester for
25 minutes at room temperature. After washing, the cells were
incubated with 3.75-n mol/L 4-PBA. To further investigate the
mechanism of action for 4-PBA, sets of acinar cells were in-
cubated in 10-K mol/L thapsigargin. Measurements were per-
formed with a radio imaging system (TILL Photomics,
Gräfelfing, Germany) using excitation wavelengths of 340 and
380 nm, and emitted light was collected at 510 nm according to
Mooren et al.36

Trypsin Activity in Pancreatic Acini
After stimulation, the cell pellet was resuspended in ice-

cold MOPS buffer and homogenized using a Teflon and glass
homogenizer. The homogenate was used to determine the trypsin
activity as described.35 The concentration was calculated using
standards generated by purified trypsin. Protein concentrations
of each sample were determined, and trypsin activity was
expressed as femtomol per milligram (fmol/mg) protein.

Western Blotting of Pancreatic Acini Proteins
Whole cell lysates were prepared from acini and used for

Western blotting as described previously.35 Antibodies were used
in the following concentrations: anti-BiP, 1:1000; antiphospho-
PERK, 1:250; anti-XBP-1, 1:500; anticaspase 3, 1:500; anti-
CHOP, 1:500; antiphospho-JNK, 1:2,000; and anti-Actin,
1:5,000, as internal loading control. Membranes were incubated
with the appropriate IgG horseradish peroxidaseYconjugated
secondary antibody (1:10,000). Antibody binding was detected
by chemiluminescence radiography. Membranes were scanned,
recorded digitally, and processed using ImageJ software.

Early Stages of Apoptosis and Necrosis in
Pancreatic Acini

The extent of early apoptosis and necrosis in acinar cells
was determined by annexin V- fluorescein isothiocyanate/pro-
pidium iodide (PI) staining according to the manufacturer’s in-
struction, using 5-KL annexin V and 10-KL PI.

Statistical Analysis
Cholecystokinin stimulation was performed in duplicates,

and all experiments were repeated at least 4 times using a dif-
ferent acini preparation each time. The Student t test was used to
establish the difference of each parameter. Results were regarded
as significantly different when P G 0.05. Values are expressed as
mean T SE.

The local Animal Care and Use Committee (University of
Munich) approved all animal experimental protocols. Rats were
treated according to the Guiding Principles in the Care and Use
of Animals.

RESULTS

Dose Finding of 4-PBA
4-Phenylbutyric acid has been used in different cells, such

as adipocytes and bronchial and intestinal endothelial cells with
concentrations from 0.05 to 20 mmol/L.37Y39 So far, 4-PBAwas
not used in exocrine pancreatic acini. Therefore, we tested 4-
PBA for preincubation in 3 different concentrations (2.5, 5, and
10 nmol/L) and stimulated the acini thereafter with different
CCK concentrations (100 pmol/L or 10 nmol/L). Subsequently,
amylase secretion was measured in all groups and compared to
controls (acini only stimulated with CCK; Fig. 1). We further
measured BiP expression and PERK phosphorylation inWestern
blotting from whole cell lysates after CCK stimulation (data not
shown). Five-nanomole per liter 4-PBA was the most effective
dose on secretion, BiP, and PERK regulation. However, because
it is known from the literature that 4-PBA may have a possible
inhibitory effect on secretion starting at 5 nmol/L and higher,40

we choose 3.75-nmol/L 4-PBA for all subsequent experiments.
Incubation of acinar cells with 4-PBA alone without CCK
stimulation caused neither amylase secretion nor trypsin acti-
vation (Fig. 1, extreme left bars).

Effects of 4-PBA Preincubation on Secretion and
the Intracellular Calcium Concentration

First, we evaluated the effects of 4-PBA on amylase se-
cretion in isolated pancreatic acini after 30 minutes of incubation
with various concentrations of CCK (Fig. 2A). Cholecystokinin
without 4-PBA preincubation caused a dose-dependent stimu-
lation of amylase secretion at lower concentrations and subse-
quent inhibition at higher concentrations, according to previously
reported observations with CCK.41 In contrast, preincubation
with 4-PBA led to an increased amylase secretion starting

FIGURE 1. Dose finding for 4-PBA. Pancreatic acinar cells were first incubated with the three 4-PBA concentrations or not (black and
white bar on the very left). Thereafter, pancreatic acini were preincubated with 2.5-, 5.0-, or 10-nmol/L 4-PBA at 37-C and
thereafter stimulated with either 100-pmol/L CCK or 10-nmol/L CCK over 30 minutes. Control acini were just stimulated with CCK
without 4-PBA preincubation. Amylase secretion was measured in the cell supernatant and expressed in percent of total amylase.
Each bar in the figure represents the mean of 3 independent experiments.
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at 30-pmol/L CCK with maximal effects at a 300-pmol/L CCK
stimulation (maximal, 23.82 % of total amylase T 1.68 vs
13.42 % of total amylase T 1.49 without preincubation).
Further, the secretory inhibition caused by supraphysiologi-
cal concentrations of CCK (91 nmol/L) was apparent but less
pronounced after 4-PBA treatment. Basal secretion of acinar
cells incubated with 4-PBA did not differ between the groups.

An oscillating increase in intracellular calcium is the pri-
mary driver of enzyme secretion in pancreatic acinar cells, for
example, amylase.42 It is known that low-dose CCK causes
spikes of calcium release from intracellular calcium stored at the
apical cell pole and coincidently stimulates secretion. High CCK
concentrations (1 nmol/L and higher) induce an increase in in-
tracellular calcium followed by a sustained plateau-shaped ele-
vation of cytoplasmic calcium. This long-lasting calcium signal
without return to baseline inhibits cellular functions, such as
secretion, and leads to intracellular trypsinogen activation. In our
study, it was tested whether 4-PBA preincubation changes the
calcium signal in acinar cells and if this may be responsible for an
increase in amylase secretion. Therefore, isolated pancreatic
acini were loaded with the calcium-sensitive fluorescent dye
fura-2 in the presence of 4-PBA. 4-Phenylbutyric acid incubation
alone over a period of two hours did not change the intracellular
calcium level (data not shown). Acinar cell stimulation with 10-
nmol/L CCK over 30 min caused a large intracellular calcium
mobilization in acinar cells after CCK administration (Fig. 2B,
upper panel). Hereby, the cytoplasmic calcium increase was first
noted at the basal cell pole. Preincubation with 4-PBA and the
sequential stimulation of acinar cells with 10-nmol/L CCK
showed a very small and continuous intracellular calcium mo-
bilization in acinar cells over 18 minutes. The increase over time
is very little and mostly due to membrane leakage caused by the
preparation procedures. 4-Phenylbutyric acid blocks the patho-
physiological plateau-shaped calcium signal and modifies it
(Fig. 2B, lower panel). To further investigate the way 4-PBA acts
on calcium signaling acinar cells, we incubated with 10-Kmol/L
thapsigargin, an agent that specifically inhibits the sarcoendo-
plasmic reticulum calcium ATPase (SERCA) leading to an IP3-
independent intracellular calcium increase.43 After adding
thapsigargin to untreated acinar cells, an immediate and huge
increase in intracellular calcium was measured (Fig. 3A). 4-
Phenylbutyric acid pretreated cells do not show any increase in
intracellular calcium after adding the SERCA inhibitor (Fig. 3B).

Effects of 4-PBA Preincubation on Intracellular
Trypsin Activation

Furthermore, the effect of 4-PBA was tested on trypsin
activation, the digestive enzyme in acinar cells that can acti-
vate all other zymogens and contribute to acinar cell damage.
Preincubation with 4-PBA had significant effects on the ac-
tivation of intracellular trypsin in rat acini after CCK stimu-
lation (Fig. 4A). CCK alone increased trypsin activity in a
concentration-dependent manner. An increase of trypsin ac-
tivity compared to unstimulated cells was noted at 100-pmol/
L CCK. Trypsin activity was further increased by higher
concentrations to a maximum of 159.95 T 14.86-fmol/mg
protein (equals a 414 % increase compared to unstimulated
acini) at 10-nmol/L CCK stimulation. Pretreatment with 4-
PBA caused a significant reduction of trypsin activation up
to 92.81 T 8.06-fmol/mg protein at supraphysiological CCK
stimulation.

Effects of Tauroursodeoxycholic Acid
Preincubation on Components of the UPR

As a member of the heat-shock protein family 70, BiP is
an abundant ER-specific chaperone, and its level is very sensitive
to ER stress. Therefore, we investigated the effects of 4-PBA
on CCK-induced BiP expression in acini by Western blotting.
The effects of CCK on BiP expression were dose dependent,
with apparent effects at 100-pmol/L CCK, and a maximum in-
crease up to 376.67 % T 49.46 compared to unstimulated cells at

FIGURE 2. Effects of 4-PBA preincubation on amylase secretion
and cytoplasmic calcium concentration. A, Acinar amylase
secretion after 30 minutes of CCK incubation. CCK caused a
dose-dependent amylase secretion at lower and inhibition at
higher concentrations and maximal effects at 300-pmol/L CCK.
Starting at a 30 pM CCK the 4-PBA preincubation (dashed line)
let to a significant higher amylase secretion compared to the
cells just stimulated with CCK. Further, the secretory inhibition
caused by supraphysiological CCK is less pronounced after
4-PBA treatment. Each point in the graphs represents the mean þ
SE of 8 independent experiments for amylase secretion, each
performed in duplicate. Asterisks indicate the P G 0.05 when
compared to CCK stimulation alone. B, Effect of 4-PBA on
cytoplasmic calcium. Fura-2 loaded acini were incubated with
(lower panel) or without (upper panel) 3.75 nM 4-PBA at room
temperature and stimulated with 10nM CCK. Measurements
were performed with a TILL Photomics Polychrome II radio
imaging system from different areas of interest (AOI, right
panel). The left panel shows the histology of the analyzed acini.
The quantification of 5 different measurements over 5 minutes
are demonstrated on the right panel.
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1-nmol/L CCK and a little decline thereafter (Figs. 4B, C). Acini
preincubated with 4-PBA showed no significant increase of BiP
expression at any CCK concentration. Expression of BiP was
diminished by 4-PBA in response to physiological and supra-
physiological CCK stimulations and therefore showed a signif-
icant reduction at 300-pmol/L up to 10-nmol/L CCK stimulation.

Protein kinaselike ER kinase is one of the major sensors and
transducers of the ER stress, localized to the ER membrane and
kept inactive by the ER luminal binding to BiP. When ER stress
occurs, BiP binding shifts to unfolded proteins and leads to its
dissociation from PERK with subsequent PERK autopho-
sphorylation.44 Therefore, we used a phospho-specific PERK
antibody to determine its activation status after CCK treatment
(Fig. 5B). CCK alone caused an increase in acinar PERK
phosphorylation, with effects starting at 30-pmol/L CCK. The
maximum increase in PERK phosphorylation was observed after
a stimulation with 100-pmol/L CCK (816.38% T 150.54% of
unstimulated control cells). 4-Phenylbutyric acid pretreated cells
showed only a small but not significant increase in phospho-
PERK after 100-pmol/L CCK stimulation compared to controls.
Protein kinaselike ER kinase phosphorylation was significantly
reduced in the 4-PBAYtreated cells after CCK stimulation
starting at 100-pmol/L up to 1-nmol/L CCK.

Inositol-requiring protein 1 is a second ER stress sensor and
transducer, bound to BiP under physiological conditions. Upon
stress, IRE1 becomes active as an endonuclease. Active IRE1
targets cytoplasmic XBP-1 mRNA and generates a splice variant
that converts XBP-1 into sXBP-1, an active transcription factor.
Subsequently, sXBP-1 induces the transcription of several ER
stress-related genes involved in the biogenesis of the organelle
itself. For our experiments, we analyzed the 28-kd small splice
variant sXBP-1 to describe changes in IRE1 activity (Figs. 6A, B).
CCK stimulation caused a significant increase in XBP-1 splicing
compared to unstimulated acini. Spliced XBP-1 expression in-
creased with 30-pmol/L CCK-8 and peaked at 300 pmol/L, with
an increase of 363.58% T 53.42% of unstimulated acini and
a decline thereafter. Preincubation with 4-PBA led to a sig-

nificant inhibition of XBP-1 splicing starting at 100 pmol/L up
to 1 nmol/L.

CCAAT/enhancer-binding protein homologous protein is a
proapoptotic transcription factor that is produced during pro-
longed or severe ER stress.14 Hence, an increase of CHOP is
associated with increased cell death.We evaluated the expression
of CHOP by Western blotting after the stimulation by various
concentrations of CCK. CCK-induced concentration-dependent
CHOP expression (Figs. 7A, B). A significant effect was first
observed at 30-pmol/L CCK compared to unstimulated acini,
with its maximal effect of a 379.39% T 78.91% increase of
unstimulated control cells. In contrast, 4-PBA preincubation
inhibited completely the expression of CHOP at any concen-
tration. The difference in CHOP expression between acinar cells
and 4-PBAYpretreated acinar cells was significant at 30 pmol/L
up to 1 nmol/L.

FIGURE 3. Effects of thapsigargin and 4-PBA preincubation on
cytoplasmic calcium concentration. A, Intracellular calcium signal
of 4 isolated, untreated acinar cells that were incubated with
10-Kmol/L thapsigargin. B, Intracellular calcium signal of another
set of 4 isolated and 4-PBAYpretreated acinar cells that also
were incubated with the same concentration of thapsigargin.
Measurements were performedwith a TILL Photomics Polychrome
II radio imaging system from different areas of interest (AOI).
In the right corner of each graph, a histological picture of the
analyzed acinar cells is presented.

FIGURE 4. Effects of tauroursodeoxycholic acid preincubation
on trypsinogen activation and BiP. A, Effect of 4-PBA preincubation
on the intracellular trypsin activity in rat acini after CCK
stimulation. Acinar cells were either stimulated by CCK alone
(solid line) or pretreated for 30 minutes with 3.75-nmol/L 4-PBA
(dashed line). Each point of the graphs represents mean T SE
of 4 independent experiments. Asterisks indicate P G 0.05
compared to CCK alone. Induction of BiP as ER stressYinducible
chaperone was analyzed by Western blotting from acinar cell
lysates with or without preincubation with 3.75-nmol/L 4-PBA and
CCK stimulation. B, Representative Western blots of 5 individual
experiments. For quantification, Western blot membranes were
counterstained with antiactin (lines 2 and 4). C, Quantitative
Western blot data from 5 independent experiments. Results from
CCK stimulation after 4-PBA preincubation are shown in the
dashed line. Asterisks indicate P G 0.05 compared to CCK
stimulation alone.
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Another proapoptotic pathway emanating from the ER
involves the ER initiator procaspase 12, which is activated by
cleavage under prolonged ER stress conditions. It can activate
the effector caspase 3, leading to apoptosis. Using Western
blotting from CCK-stimulated acinar cells, we investigated the
expression of the 17-kd cleavage product of active caspase 3
(Figs. 8A, B). Our results show a dose-dependent increase in
activated caspase 3 after CCK stimulation. It peaks at the 1-nmol/
L CCK with a maximal increase up to 617.57% T 107.14%
compared to unstimulated acini and declines thereafter. With the
4-PBA preincubation, caspase 3 activation was not detected at
any CCK concentration. 4-Phenylbutyric acid treatment pre-
vented completely caspase 3 activation in rat acini.

We also analyzed the phosphorylation of JNK.Activation of
IRE1 can lead via binding and clustering of TRAF2 to phosphor-
JNK. Several isoforms are known with different molecular
weights: JNK 1 (46 kd) and JNK 2/3 (54 kd). Using Western
blotting with a phospho-specific JNK antibody, we investigated
the phosphorylation status of JNK in pancreatic acini after CCK
stimulation with or without 4-PBA pretreatment (Fig. 9A). For

FIGURE 5. Effects of 4-PBA preincubation on PERK
phosphorylation. A, Representative Western blots stained
against phospho-PERK of 5 individual experiments. Results after
4-PBA pretreatment are shown in a dashed line. Each point
represents mean T SE. Asterisks indicate P G 0.05 compared to
CCK stimulation alone.

FIGURE 6. Effects of 4-PBA preincubation on XBP-1 splicing. A,
Representative Western blots of 5 individual experiments. B,
Quantitative analysis of the Western blot data from 5 independent
experiments. Results after 4-PBA pretreatment are shown in a
dashed line. Each point represents mean T SE. Asterisks indicate
P G 0.05 compared to CCK stimulation alone.

FIGURE 7. Effects of 4-PBA preincubation on ER stressYassociated
CHOP induction. A, Representative Western blots of 5 individual
experiments. B, Quantitative Western blot data. Results after
30-minute pretreatment with 3.75-nmol/L 4-PBA are shown in
the dashed line. Each point represents mean T SE of 5 individual
experiments. Asterisks indicate P G 0.05 compared to CCK
stimulation alone.

FIGURE 8. Effects of 4-PBA preincubation on ER stress associated
caspase 3 activation. A, Representative Western blots of 4
individual experiments. B, Quantitative Western blot analysis
from 4 individual experiments. Results after 4-PBA pretreatment
are shown in the dashed line. Each point represents mean T SE of
4 independent experiments. Asterisks indicate P G 0.05 compared
to CCK stimulation alone.
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the quantification of our data, we analyzed the levels of phospho-
JNK1 exemplary (Fig. 9B). As described earlier,35 JNK phos-
phorylation increases after CCK stimulation, with minimal
effects observed at 30-pmol/L CCK. We observed maximal
effects at the supraphysiological concentration of 10-nmol/L
CCK (up to 898.02% T 153.641% of unstimulated cells). 4-
Phenylbutyric acid pretreatment was not able to abolish JNK
phosphorylation but reduced it significantly (294.91% T
74.56%).

To measure early stages of apoptosis in acinar cells, we
determined the phosphatidylserine translocation to the outer cell
membrane by annexin V staining. We used PI to determine
necrosis in acinar cells. Acinar cell stimulation with CCK led to
a dose-dependent increase in annexin V staining, with its
maximum at 300-pmol/L CCK (81.3 T 9.1 relative fluorescent
units [RFU] per microgram of protein) and a decrease thereafter
(Fig. 10A). If cells were preincubated with 4-PBA and then
stimulated by CCK, significant less apoptotic signals were
found (43.05 RFU per microgram of protein at 300-pmol/L
CCK stimulation). This was mirrored when measuring necrosis
in acinar cells using PI. Maximal necrosis was measured after
stimulation with 300-pmol/L of CCK (56.67 T 7.47 RFU per
microgram of protein) and was significantly reduced after 4-
PBA pretreatment at 100-pmol/L up to 1-nmol/L CCK (max-
imal effect at 300-pmol/L CCK stimulation: 36.72 T 5.29 RFU
per microgram of protein; Fig. 10B).

DISCUSSION
Endoplasmic reticulum stress and its responses are relevant

in the development of acute pancreatitis. Histological exam-
inations demonstrate early on morphological changes of the ER
during the onset of AP. Gene-profiling studies show significant
alterations in ER stress key regulators and in a model of nec-
rotizing pancreatitis all ER stress sensorsVPERK, IRE1, and

ATF6Vbecome activated, and the initiation of downstream
signal pathways occurs initiated from the ER.25Y30

Following the principle of ER function and stress, we as-
sume that CCK in physiological concentrations stimulates ER
function and increases protein folding, zymogen production, and
secretion in acini. Supraphysiological stimulation leads to the
exceedance of the ER function and folding capacity and with this
to an unorganized accumulation of only partly finished zymo-
gens inside the organelle. It prompts the activation of the ER
stress sensors PERK, IRE1, and ATF6, resulting in a general stop
of transcription and translation, induction of chaperones, ex-
pansion of the ER itself, and induction of protein degradation to
clear the unfinished folded proteins, trying to match the demands
of protein folding and secretion from the acinar cell upon
stimulation as the physiological part of the UPR. As patho-
physiological part of the UPR, several proapoptotic signals and
autophagy can be activated, emitting from the ER for a
programmed cell death to eliminate the deadly injured cell in an
organized manner for the protection of the neighboring cells and
the whole tissue.45,46

In vitro, several secretagogues were able to induce the ER-
specific chaperone BiP and XBP-1 splicing in a concentration-
depending manner. CCK, in supraphysiological doses induces
acinar cell damage, inhibits amylase secretion, activates trypsin,
and induces proapoptotic ER signals.34 Here, we investigated ER
function in response to CCK treatment on a fatty acid with
chemical chaperone properties. We aimed to interfere with the
pathophysiological toxic ER signaling introducing 4-PBA pre-
treatment as a powerful antistress principle.

FIGURE 10. Effects of tauroursodeoxycholic acid preincubation
on annexin VYfluorescein isothiocyanate and PI staining in
pancreatic acinar cells. Isolated acini were quantified by fluorescent
plate reader with dual filter set for fluorescein isothiocyanate
(excitation, 488 nmol/L emission, 530 nmol/L) and PI (excitation,
535 nmol/L emission, 617 nmol/L) after 30-minute preincubation
with 3.75-nmol/L 4-PBA followed by stimulation with different
concentrations of CCK (gray bars, A and B) after stimulation by
CCK alone (black bars, A and B). Data were expressed as RFU
per microgram (RFU/Kg) of protein. Each point represents
mean T SE of 4 independent experiments. Asterisks indicate
P G 0.05 compared to CCK stimulation alone.

FIGURE 9. Effects of 4-PBA preincubation on ER stress associated
JNK phosphorylation. A, Representative Western blot of an
experiment repeated 4 times. B, Quantitative Western blot data
from 4 individual experiments. Results after 4-PBA pretreatment
are shown in the dashed line. Each point represents mean T SE.
Asterisks indicate P G 0.05 compared to CCK stimulation alone.
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The knowledge about the ER chaperone comes from DNA
point mutations that result in the production of misfolded pro-
teins that are transcribed and translated at normal levels but,
owing to the ER quality control system, are unable to reach their
functional designation.Misfolded proteins are retained inside the
ER and induce ER stress. Examples for misfolding diseases are
Alzheimer disease and cystic fibrosis and A-thalassemia.42,47,48

Thus, although still exhibiting some biological activity with
minor mutations, the mutants are retained in the ER. Folding
intermediates form fibrillar aggregates, react to harmful sub-
stances, or can induce apoptosis of the stressed cell. The same
can happen during phases of an increased protein demand, for
example, during growth and differentiation or defense of bac-
terial or viral infections and overstimulation.49Y51 Therefore,
extraordinary efforts have been made to design therapeutic
interventions that prevent or correct the structural abnormality of
disease-causing misfolded proteins. In this regard, rescue of
‘‘trafficking defective’’ proteins or optimization of ER function
in times of overstimulation by pharmacological or chemical
chaperones including 4-PBA is emerging as one of the most
promising therapeutic strategies for such disorders.52Y54

In the recent years, ER stress has been implicated in met-
abolic disorders such as obesity, type 2 diabetes, and athero-
sclerosis.55 Animal studies show a reduction in ER stress and its
consequences as well as the disease symptoms via the admin-
istration of chemical chaperones by mechanisms of restoring ER
function. Chemical chaperones are small molecules that are
nonselective in their ability to stabilize mutant proteins to fa-
cilitate their proper folding, slightly reminiscent of the chaper-
oning function of the many intracellular molecular chaperones.
Chemical chaperones are usually osmolytically active such that
they equilibrate cellular osmotic pressure. These osmolytes are
compatible with protein function and can act as chemical cha-
perones by increasing the stability of native proteins and
assisting refolding of unfolded or misfolded proteins and af-
fecting protein trafficking.55

Özcan et al56,57 describe 4-PBA as a short-chain fatty acid
with chaperone properties. In hepatoma cells, 4-PBAYsuppres-
sed ER stress-induced phosphorylation of PERK and XBP-1
splicing. In vivo effects of 4-PBA were studied in lepton-defi-
cient (ob/ob) mice, as a model of severe obesity and insulin
resistance.56,57 Oral administration of 4-PBA exhibited a potent
antidiabetic activity and suppressed PERK, IRE1, and JNK ac-
tivation in liver and adipose tissue. 4-Phenylbutyric acid im-
proved systemic insulin resistance and reduced the obesity-
induced lipid accumulation in liver.58 Cystic fibrosis (CF), a
recessive disorder, is caused by mutations of the CF trans-
membrane conductance regulator (CFTR) gene disrupting its
folding and trafficking and impairing chloride conductance.59,60

4-Phenylbutyric acid in CF led to an induction of correct traf-
ficking of a portion of mutant CFTR to the cell surface in vitro
and in vivo32,54 and has been approved in humanswith urea cycle
deficiencies.61

Owing to such promising results, we used the compound in
a model of isolated rat pancreatic acini during supraphysiolo-
gical stimulation by CCK. 4-Phenylbutyric acid preincubation
reduced the activation of several ER signal pathways. We
demonstrate a highly significant reduction in phospho-PERK,
XBP-1 spicing downstream of IRE 1 activation, and BIP in-
duction, a chaperone very sensitive to ER stress. Several proa-
poptotic pathways emitting from the ER, including CHOP
expression, caspase activation, and JNK phosphorylation, were
significantly down-regulated after 4-PBA pretreatment in CCK-
stimulated pancreatic acinar cells. Likewise, annexin V and PI
staining as true early events of apoptosis were reduced. In our

experiments, 4-PBA preincubation was able to influence sig-
nificantly the hallmarks of CCK overstimulation. Amylase se-
cretion significantly increased after 4-PBA treatment. Increases
in enzyme secretion caused by the fatty acid 4-PBA may be
explained by an optimization of ER function, folding capacity, or
an increase of the efflux clearance across the apical cell mem-
brane by induction of protein trafficking. Further, 4-PBA
changes intracellular calcium signaling a main prerequisite of
stimulus secretion coupling in the acini. In our experiments, 4-
PBA blocked the pathophysiological plateau-shaped calcium
signal, whereas CCK alone stimulates the calcium released from
apical granular calcium stores. To examine this more closely, we
used thapsigargin, a SERCA inhibitor. Thapsigargin treatment
leads to an immediate increase in intracellular calcium in acinar
cells. After pretreating the cells with 4-PBA, thapsigargin’s in-
crease in intracellular calcium was significantly reduced or even
abolished. To our knowledge, this is the first time this effect is
described. Whether 4-PBA protects the ER calcium ATPases
itself or it stabilizes the calcium channels in ERmembranes is not
known and was not intended to be studied and is beyond the
scope of this work. However, together with the exact details of the
subsequent secretion mechanisms, such as forming of secretory
and zymogen granules, their transport to the apical cell pole and
finally exocytosis within the context of 4-PBA treatment has to
be investigated in further studies. Interestingly, 4-PBA reduced
trypsin activation after CCK to approximately 50%.

Overall, the protective effects of 4-PBA in pancreatic acinar
cells are concordant with previous findings in other tissues,
animals, and transgenic animals using the small fatty acid as
chemical chaperone. 4-Phenylbutyric acid in adipose tissue re-
duced the expression of BiP, phosphorylation of eukaryotic
translation initiation factor 2> downstream of PERK phos-
phorylation, splicing of XBP-1, and expression of CHOP.37 It
reduced the ER stress that leads to adipogenesis with a high-fat
diet in animals and therefore is described as an antiobesity drug.
Furthermore, 4-PBA reduced ER stress in animals with type
2 diabetes, where hyperglycemia induced BiP up-regulation
and PERK phosphorylation.56 It further reduced ER stressY
associated eukaryotic translation initiation factor 2> phosphor-
ylation, caspase 12 activation, and CHOP induction caused by
ischemia and reperfusion in mouse livers.62 Furthermore, it has
protective effects in models of cerebral ischemic injury.63

In summary, our data show that the ER stress response of
exocrine pancreatic acini to CCK overstimulation can be phar-
macologically modulated. Calcium signaling, amylase secretion,
and trypsin activation is influenced positively. Several apoptotic
pathways are inhibited that can lead to cell damage and loss of
acinar cell function. The changes induced in the present study by
4-PBA are more significant, relevant, and profound compared to
the changes induced by another chemical chaperone, the bile acid
tauroursodeoxycholic acid that we used in previous study.64 We
shed more light on the early molecular mechanisms involved in
CCK overstimulation, a common model of acute experimental
pancreatitis. In connection with future in vivo studies, the data
may open new perspectives on the use of the orally available
chemical chaperone 4-PBA as a therapeutic approach optimizing
exocrine pancreas function and reducing pancreatic cell damage
under conditions of overstimulation and inflammation and to
keep the exocrine pancreas function after AP by reducing apo-
ptosis and necrosis.

Thus, this treatment strategy may become important, as
recent publications showed a connection between ER stress and
hereditary pancreatitis as well as ER stress and excessive alcohol
consumption, smoking, and metabolic disorders.65Y69 All those
new insights on different acute and chronic damages to the
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pancreas seem to have ER stress as a central element. Therefore,
it becomes essential to treat ER stress and to ameliorate the
pathophysiological part of the UPR, including induction of ap-
optosis and autophagy in the pancreas.
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