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BACKGROUND & AIMS: Little is known about the signaling
pathways that initiate and promote acute pancreatitis (AP). The
pathogenesis of AP has been associated with abnormal in-
creases in cytosolic Ca2þ, mitochondrial dysfunction, impaired
autophagy, and endoplasmic reticulum (ER) stress. We
analyzed the mechanisms of these dysfunctions and their re-
lationships, and how these contribute to development of AP in
mice and rats. METHODS: Pancreatitis was induced in C57BL/
6J mice (control) and mice deficient in peptidylprolyl isomerase
D (cyclophilin D, encoded by Ppid) by administration of
L-arginine (also in rats), caerulein, bile acid, or an AP-inducing
diet. Parameters of pancreatitis, mitochondrial function, auto-
phagy, ER stress, and lipid metabolism were measured in
pancreatic tissue, acinar cells, and isolated mitochondria. Some
mice with AP were given trehalose to enhance autophagic ef-
ficiency. Human pancreatitis tissues were analyzed by immu-
nofluorescence. RESULTS: Mitochondrial dysfunction in
pancreas of mice with AP was induced by either mitochondrial
Ca2þ overload or through a Ca2þ overload-independent
pathway that involved reduced activity of ATP synthase
(80% inhibition in pancreatic mitochondria isolated from rats
or mice given L-arginine). Both pathways were mediated by
cyclophilin D and led to mitochondrial depolarization and
fragmentation. Mitochondrial dysfunction caused pancreatic ER
stress, impaired autophagy, and deregulation of lipid meta-
bolism. These pathologic responses were abrogated in cyclo-
philin D-knockout mice. Administration of trehalose largely
prevented trypsinogen activation, necrosis, and other parame-
ters of pancreatic injury in mice with L-arginine AP. Tissues
from patients with pancreatitis had markers of mitochondrial
damage and impaired autophagy, compared with normal
pancreas. CONCLUSIONS: In different animal models, we find a
central role for mitochondrial dysfunction, and for impaired
autophagy as its principal downstream effector, in develop-
ment of AP. In particular, the pathway involving enhanced
interaction of cyclophilin D with ATP synthase mediates
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EDITOR’S NOTES

BACKGROUND AND CONTEXT

Acinar cell mitochondrial dysfunction and impaired
autophagy are implicated in the pathogenesis of
pancreatitis, a disease with no effective treatment.
Mechanisms of these dysfunctions, their interrelations,
and links to acute pancreatitis pathology are poorly
understood.

NEW FINDINGS

Mitochondrial dysfunction in experimental acute
pancreatitis is mediated by cyclophilin D and involves
Ca2þ-overload-dependent or -independent pathways.
The latter mediates L-arginine pancreatitis, a severe
model with unknown pathogenesis. Mitochondrial
dysfunction causes impaired autophagy, ER stress and
deregulated lipid metabolism, which are normalized by
cyclophilin D knockout.

LIMITATIONS

There is limited information on the mechanisms of
mitochondrial dysfunction and impaired autophagy in
human disease.

IMPACT

Restoration of mitochondrial function and/or efficient
autophagy greatly ameliorates pancreatitis in mouse
models, and thus offers potential treatment approaches
for this disease.
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L-arginine–induced pancreatitis, a model of severe AP the
pathogenesis of which has remained unknown. Strategies to
restore mitochondrial and/or autophagic function might be
developed for treatment of AP.
Keywords: Pancreas; Inflammatory Response; Acinar Cell;
Lamellar Bodies.

he pathogenic mechanism of acute pancreatitis (AP),
*Authors share co-first authorship.
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Ta common and sometimes fatal disease, is incom-
pletely understood, and no specific/effective treatment is
available.1,2 Because of limited access to human tissue, the
knowledge on molecular/cellular pathways initiating and
driving pancreatitis comes mainly from experimental
models that appear to reproduce key responses of human
disease.3 There are significant gaps in our understanding of
these pathways, in particular the role of mitochondrial
dysfunction. It has been recently shown4 that persistent
opening of permeability transition pore (PTP) caused by
mitochondrial Ca2þ overload is an early event in experi-
mental AP models associated with pathologic (global and
sustained) increases in free cytosolic Ca2þ ([Ca2þ]i), such as
those induced by caerulein (CER-AP) or pancreatic ductal
infusion of taurolithocholic acid sulfate (TLCS-AP). PTP is a
non-specific channel traversing both the outer and inner
mitochondrial membranes, persistent opening of which
causes depolarization and, ultimately, adenosine triphos-
phate (ATP) drop.5 In those models, PTP blockade by ge-
netic or pharmacologic knockdown of its major regulator
peptidylprolyl isomerase D (cyclophilin D) markedly
ameliorated disease.4 However, it remains unknownwhether
mitochondrial dysfunction drives AP in models where
massive increases in [Ca2þ]i have not been reported (such as
that induced by L-arginine (Arg-AP) or by genetic modifica-
tions6); and if so, what the underlying mechanisms are.

The paradigm on PTP molecular nature has dramatically
changed, with recent findings showing that the 15-subunit
ATP synthase is a central PTP component.5 Under
certain conditions, ATP synthase undergoes cyclophilin
D-dependent conformational transition, forming the PTP
channel. The detailed mechanism is a matter of intense
investigation, but it is believed that the multisubunit
structure of ATP synthase restricts the switch to PTP
conformation and this restriction is removed by cyclophilin
D.5,7 Whether such mechanism operates in disease has not
been shown.

Very little is known about the mechanisms linking
mitochondrial dysfunction to AP responses. Recent studies
revealed, in particular, that impaired autophagy is a major
pathologic event prominent in both experimental and hu-
man pancreatitis.8,9 It is implicated in disease initiation
because genetic modifications to inhibit or impair auto-
phagy cause pancreatitis.10–12 Endoplasmic reticulum (ER)
stress is another pathway believed to be involved in AP.13,14

However, whether disordering of pancreatic autophagy or
activation of ER stress are linked to mitochondrial
dysfunction remains unclear. Furthermore, it is not known
whether normalizing these pathways alleviates AP. Hyper-
triglyceridemia is an established risk factor for human
pancreatitis15,16; however, it is not known whether
pancreatitis alters acinar cell lipid metabolism and whether
mitochondria and/or autophagy play a role in these
alterations.

To examine these issues, we primarily utilized the Arg-
AP model. Although this noninvasive model of severe AP
was introduced decades ago and is being increasingly
used,17,18 its pathogenic mechanism remains largely
unknown.

https://doi.org/10.1053/j.gastro.2017.10.012
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We find that mitochondrial dysfunction in dissimilar AP
models involves both Ca2þ-overload–dependent and
–independent mechanisms, converging on cyclophilin
D-mediated perturbation of ATP synthase. It causes
impaired autophagy, ER stress, and deregulates acinar cell
lipid metabolism. Normalizing either the mitochondrial
function (by cyclophilin D knockout) or autophagy (with the
disaccharide trehalose) greatly ameliorates AP.

Materials and Methods
Detailed description of materials and methods is provided

in the Supplementary Materials.

In Vivo Pancreatitis Models
Arg-AP was induced in rats by 2 hourly intraperitoneal (i.p.)

injections of 3 g/kg Arg; and in mice, by 3 hourly i.p. injections
of 3.3 g/kg Arg. CER-AP was induced in mice by 7 hourly in-
jections of 50 mg/kg cerulein. The TLCS-AP and choline defi-
cient, ethionine-supplemented diet (CDE)-AP models are
described in the Supplementary Materials. In experiments
aimed to restore efficient autophagy, 2 g/kg trehalose was
given to mice by daily i.p. injections for 12 days followed by
induction of Arg-AP or CER-AP.

Human Pancreas Specimens
Briefly, human tissue specimens of normal pancreas and

pancreatitis were evaluated for the presence of acinar
compartment and provided de-identified as formalin-fixed
paraffin-embedded samples.

Lipidomics
Pancreatic levels of tri- and diacylglycerols, free fatty acids

(FFAs), and total phosphatidylcholine and phosphatidyletha-
nolamine were analyzed by liquid chromatography-mass
spectrometry (LC-MS) and gas chromatography-mass spec-
trometry (GC-MS) at the UCSD LIPID MAPS Lipidomics Core
(http://www.ucsd-lipidmaps.org/).

Statistical Analysis
Data are presented as mean ± standard error of the

mean (SEM). Statistical analysis was performed with Prizm5
software (https://www.graphpad.com/scientific-software/
prism/) using 2-tailed Student’s t-test. P < .05 was consid-
ered statistically significant.

Results
Mitochondrial Dysfunction in Experimental
Pancreatitis is Mediated Through Ca2þ-overload
Independent and Dependent Mechanisms

We analyzed mitochondrial alterations in Arg-AP in
comparison with other models of AP, particularly those
(CER-AP and TLCS-AP) associated with pathologic increases
in acinar cell [Ca2þ]i.19 Mitochondria were isolated from
pancreas (as well as liver) at different times after Arg-AP
induction (Figure 1), and their function assessed by
measuring changes in the mitochondrial membrane poten-
tial (DJm), both basal and in response to exogenous
adenosine diphosphate (ADP). Pancreatic mitochondria are
markedly sensitive to Ca2þ-induced depolarization20 and
lose DJm when exposed to even low-micromolar Ca2þ.
Therefore, in experiments in Figure 1A-D, mitochondria were
isolated and assayed in a Ca2þ-free medium with EGTA, thus
preventing mitochondrial Ca2þ overload. As expected, in
mitochondria from control animals, ADP-stimulated oxida-
tive phosphorylation caused DJm drop, which was restored
to basal after ADP is converted to ATP (Figure 1A,C). The
DJm recovery after ADP addition was inhibited in mito-
chondria from mice and rats with Arg-AP, compared with
control (Figure 1A-D). This effect was evident as early as at 2
hours, and the recovery was completely lost after 24 hours of
Arg-AP. Another effect of Arg-AP on mitochondria was pro-
gressive decrease in basal DJm (Figure 1A-D). Both effects
were prevented by cyclophilin D knockout (Figure 1C,D),
indicating that Arg-induced mitochondrial depolarization is
because of sustained PTP opening.

These results indicate that Arg-AP causes an “irreversible”
damage of pancreatic mitochondria that persists in
conditions precluding Ca2þ overload. To further examine
the role of Ca2þ, mitochondria isolated from mice with
Arg-AP were subjected to low-micromolar Ca2þ concen-
trations (Figure 1E, Supplementary Figure 1A). The observed
Ca2þ-dose–dependent depolarization demonstrates that
mitochondria retain their sensitivity to Ca2þ overload.
However, same as at “zero”Ca2þ, mitochondria frommicewith
Arg-AP at all Ca2þ concentrations had approximately 50%
lower DJm than those from control mice (Figure 1E,
Supplementary Figure 1A), indicating that Ca2þ and Arg-AP
cause depolarization through additive pathways.

In accord with the results on isolated mitochondria, in-
cubation of mouse pancreatic acinar cells with Arg (20-40
mmol/L) caused time-dependent decrease in DJm
(Figure 1F). Notably, acinar cell mitochondrial depolariza-
tion persisted in the presence of Ca2þ chelator BAPTA
(Figure 1F), which prevents Ca2þ overload.20 Pre-incubation
with Arg did not abrogate cholecystokinin-8 (CCK)-induced
depolarization in acinar cells (Supplementary Figure 1B).
Furthermore, Arg did not affect the basal [Ca2þ]i, and did
not block CCK-induced [Ca2þ]i increase (Supplementary
Figure 1C), indicating no depletion of intracellular Ca2þ

stores by Arg.
In stark contrast with Arg-AP, mitochondria isolated

from mice with CER-AP or TLCS-AP were not depolarized
and showed complete DJm recovery after ADP-induced
drop when assayed in the absence of Ca2þ

(Supplementary Figure 2A-D). Moreover, when assayed at
different low-micromolar Ca2þ concentrations, mitochon-
dria from mice with CER-AP or TLCS-AP displayed the same
extent of Ca2þ-dependent depolarization as the mitochon-
dria from control animals (Supplementary Figure 2B,D).
These results on isolated mitochondria are in accord with
the data on acinar cells, showing that depolarization
induced by CCK or TLCS is caused by mitochondrial Ca2þ

overload.4,21 Of note, BAPTA completely prevents CCK- or
TLCS-induced depolarization in acinar cells4,21; and Ca2þ

chelators reverse Ca2þ-induced depolarization in isolated
mitochondria.20

http://www.ucsd-lipidmaps.org/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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We next examined mitochondrial dysfunction in the AP
model inducedwith choline deficient, ethionine-supplemented
diet (CDE-AP), in which massive increases in [Ca2þ]i have not
been documented.22 Pancreatic mitochondria from mice fed
CDE diet displayed characteristics similar to those in Arg-AP,
that is, marked depolarization in the absence of Ca2þ and
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inhibition of DJm recovery after addition of ADP
(Supplementary Figure 2E,F). These data indicate that, similar
to Arg-AP, mitochondrial damage in CDE-AP is “irreversible”
and persists in conditions precluding Ca2þ overload.

Collectively, the above results indicate that mitochon-
drial dysfunction in Arg-AP, as well as CDE-AP, involves
mechanisms independent of Ca2þ overload. In contrast,
mitochondrial damage induced by CER/CCK or TLCS in
in vivo or ex vivo AP models is mediated by Ca2þ overload
and is completely reversible upon removal of Ca2þ.

Mechanism of Mitochondrial Dysfunction
in Arg-AP

Arg-AP dramatically increases free Arg level in
pancreatic mitochondria. We asked whether Arg-
induced mitochondrial damage could be because of
increased intramitochondrial Arg. Mice subjected to Arg-AP
displayed dramatic increases in the intrapancreatic level of
free Arg, with peak at a 25-fold increase at 4 hours
(Figure 2A). Arg level in pancreatic mitochondria from mice
with Arg-AP was approximately 140-fold greater than that
of control mice (Figure 2A), indicating that Arg preferen-
tially accumulates in the mitochondria. Of note, Arg accu-
mulation causes mitochondrial damage in neurons.23

Arg-induced depolarization is not mediated
through nitric oxide pathway; but L-ornithine,
another Arg metabolite, depolarizes pancreatic
mitochondria. We next tested the role of Arg metabolism
in its effects on mitochondria. Arg is primarily metabolized
by nitric oxide synthase (generating nitric oxide) and argi-
nase, which converts it to L-ornithine. Nitric oxide synthase
inhibitor L-NMMA had no effect on Arg-induced depolari-
zation (Supplementary Figure 3A), indicating the nitric
oxide pathway is not involved. Differently, L-ornithine
caused DJm decrease in mouse acinar cells; and it did not
block CCK-induced depolarization (Supplementary
Figure 3B) – same as observed for Arg (Supplementary
Figure 1B). Arginase-II isoform, residing in mitochondria,
is abundant in acinar cells24; thus, it is possible that
L-ornithine mediates the effect of Arg on DJm. Of note,
L-ornithine causes pancreatitis responses similar to Arg.18

Accumulation of Arg in pancreatic mitochondria
is associated with cyclophilin D-dependent pertur-
bation of ATP synthase. The impaired DJm recovery
after ADP-induced drop observed in Arg-AP (Figure 1A-D)
=
Figure 1.Mitochondrial dysfunction occurs early in Arg-AP; it is m
and wild-type (wt) or cyclophilin D knockout (CypD KO) mice (
killed at indicated times. Pancreatic mitochondria were isolated
EGTA (A-D) or at indicated free Ca2þ concentrations maintaine
raphenyl phosphonium ion (TPPþ) electrode and quantified as th
before and after addition of 5 mmol/L DNP, a mitochondrial unc
(20 mmol/L) -induced drop was measured as a slope of DJm in
parameters were normalized to mitochondria from control anima
10 per group). *P < .05 vs control (saline-treated) animals; #P <
acinar cells were loaded with 25 mmol/L BAPTA-AM (where noted
was measured using the dye TMRM (1 mmol/L). The difference
addition of the mitochondrial uncoupler FCCP (10 mmol/L) was
preparations. *P < .05 vs control cells.
suggested dysregulation of mitochondrial ATP synthesis
because of Arg accumulation in mitochondria. Indeed, we
found progressive, up to approximately 80% inhibition of
ATP synthase activity in pancreatic mitochondria isolated
from rats or mice with Arg-AP (Figure 2B,C). The inhibition
was pronounced within 2 hours after Arg-AP induction, and
was followed by decreased pancreatic ATP (Figure 2D).
Both effects were prevented in cyclophilin D knockout mice
(Figure 2C,D). We next examined whether Arg-AP affects
cyclophilin D interaction with ATP synthase by using
co-immunoprecipitation (Figure 2E-G). Independent of
whether immunoprecipitation was done through cyclophilin
D or ATP synthase, complex formation between these pro-
teins markedly increased in Arg-AP (Figure 2E,G). The
increased binding of cyclophilin D to ATP synthase is in
accord with the effects of Arg-AP on pancreatic ATP syn-
thase activity (Figure 2B,C) and PTP opening (Figure 1).
These data are consistent with the recently proposed
paradigm that cyclophilin D promotes ATP synthase tran-
sition to PTP channel conformation.5,7

In striking contrast, CER-AP did not increase the amount
of cyclophilin D in complex with ATP synthase
(Figure 2F,G). As stated earlier, CER/CCK, as well as TLCS,
causes mitochondrial Ca2þ overload in acinar cells4; and
Ca2þ overload was shown to facilitate ATP synthase tran-
sition to PTP channel conformation.5,7 Thus, our data indi-
cate that mitochondrial dysfunction in AP is caused by
cyclophilin D-mediated transition of ATP synthase to PTP
channel conformation, but the underlying mechanisms differ
between AP models. Whereas PTP opening in Arg-AP is
driven by enhanced complex formation between cyclophilin
D and ATP synthase, in CER-AP and TLCS-AP it is mediated
by mitochondrial Ca2þ overload. Cyclophilin D knockout
prevents mitochondrial dysfunction mediated through both
mechanisms (Figures 1, 2; and Ref.4).

Arg-AP does not damage liver mitochondria, nor
does it increase their Arg level. The basal level of free
Arg in liver of control mice (0.11 ± 0.03 mmol/mg, n ¼ 9)
was much lower than that in pancreas (1 ± 0.13 mmol/mg,
n ¼ 8), and it only increased approximately 4-fold in Arg-AP
(Supplementary Figure 4A). Furthermore, in contrast to
pancreatic mitochondria (Figure 2A), Arg level did not in-
crease in liver mitochondria isolated from mice with Arg-AP
(Supplementary Figure 4A). Congruently, in liver mito-
chondria Arg-AP did not induce complex formation between
ediated by cyclophilin D but not by Ca2þ overload. Rats (A,B)
C-E) were subjected to Arg-AP, as detailed in Methods, and
and assayed either in Ca2þ-free medium containing 1 mmol/L
d with Ca2þ/EGTA buffers (E). DJm was measured with tet-
e difference between TPPþ levels in mitochondria suspension
oupler [illustrated in (A)]. The rate of DJm recovery after ADP
crease back to steady-state level [shown in (A) in red]. Both
ls. Shown are the individual values and means ± SEM (n ¼ 6–
.05 vs CypD KO mice with the same treatment. (F). Wt mouse
) and incubated with 20 mmol/L Arg for indicated times. DJm
between TMRM fluorescence in control cells before and after
taken as 100% DJm. Values are mean ± SEM from 3–4 cell



Figure 2.Mitochondrial dysfunction in Arg-AP is caused by cyclophilin D-mediated perturbation of ATP synthase. Mice
(A,C-H) and rats (B,H) were subjected to Arg-AP or CER-AP. Pancreatic levels of free Arg (A) were measured with LC-MS in
whole tissue and isolated mitochondria; ATP synthase enzymatic activity (B,C), in isolated mitochondria; and ATP levels (D),
in tissue homogenates. Shown are the individual values and means ± SEM (n ¼ 3–9 per group). *P < .05 vs control animals;
#P < .05 vs CypD KO mice. (E-G). ATP synthase and cyclophilin D were immunoprecipitated (IP) from pancreatic mitochondria
isolated from mice at indicated conditions, and their levels in the immunoprecipitates were measured by IB. (H). Pathologic
alterations in mitochondrial ultrastructure in pancreas of rats and mice with Arg-AP (EM). Scale bars: 0.5 mm. Larger fields from
these micrographs are shown in Supplementary Figure 5.
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cyclophilin D and ATP synthase, did not inhibit ATP
synthase activity and DJm recovery after ADP addition, and
did not decrease DJm (Supplementary Figure 4B-D). These
data provide an explanation as to why Arg administration
does not cause liver damage. The observed differences in
the effects of Arg administration on pancreas and liver are
likely because of different rates of Arg metabolism and/or
Arg uptake by liver and pancreatic mitochondria.
Cyclophilin D Knockout Prevents
Pancreatitis-induced Alterations in Mitochondrial
Ultrastructure and Dynamics

Changes in mitochondrial ultrastructure occurred early
in Arg-AP, manifested by the appearance of swollen
mitochondria with flocculent matrix and loss of cristae, and
mitochondria with condensed matrix and dilated cristae
(Figure 2H, Supplementary Figure 5). Mitochondrial
swelling results from persistent PTP opening that allows
water to enter the matrix,25 whereas mitochondrial
condensation is indicative of impaired ATP synthesis and
ADP excess (respiratory state III).26 Cyclophilin D knockout
essentially prevented these pathologic alterations
(Figure 2H, Supplementary Figure 5).

Mitochondria continuously undergo fission and fusion,
which is necessary for energy production and cell sur-
vival.27 Deranged dynamics is often associated with mito-
chondrial dysfunction and is a characteristic feature of
various disorders27; however, it has not been assessed in
pancreatitis. We examined changes in the mitochondrial
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network by morphologic localization of mitochondrial resi-
dent proteins Tom20 and VDAC1. Both markers revealed
interconnected tubular mitochondrial network in control
pancreas (Supplementary Figure 6A,C). Arg-AP caused dra-
matic disorganization of the network, already prominent at
12 hours (Supplementary Figure 6A,C). In accord with
morphologic evidence of mitochondrial fragmentation,
immunoblot (IB) analysis showed decreases in the fusion
effectors OPA1, MFN1, and MFN2, whereas the fission
mediator, Fis1, was up-regulated in Arg-AP (Supplementary
Figure 6B,D-E). CER-AP also caused dramatic mitochondrial
fragmentation and Fis1 up-regulation (Supplementary
Figure 6F,G); however, different from Arg-AP, OPA1 and
other fusion markers were not affected (Supplementary
Figure 6F; and data not shown). Cyclophilin D ablation
largely restored the tubular mitochondrial network in Arg-
AP (Supplementary Figure 6A,C), as well as the levels of
fusion mediators (Supplementary Figure 6B,D,E).

Notably, we found prominent mitochondrial fragmenta-
tion in human pancreatitis assessed by VDAC1 immuno-
localization (Supplementary Figure 6H).

Restoring Mitochondrial Function With
Cyclophilin D Knockout Greatly Improves Arg-AP

Cyclophilin D knockout greatly improved pancreas his-
tology and blocked (or markedly diminished) all key path-
ologic responses of Arg-AP, ie, increases in serum amylase
and lipase, acinar cell vacuolization, trypsinogen activation,
necrosis, and apoptosis (Figure 3A,B). Compared with wild-
type (wt), cyclophilin D knockout mice with Arg-AP dis-
played less neutrophilic and macrophage infiltration
(Figure 3C,D; Supplementary Figure 7). The transcription
factor nuclear factor kappa B mediates inflammation in AP.
Its activation in Arg-AP was marked by increases in p65/
RelA phosphorylation and increased DNA binding activity;
both were reduced in cyclophilin D knockout mice
(Figure 3E,F). Another mechanism of the inflammatory
response in AP is through damage-associated molecular
patterns (DAMPs) released by injured cells.28 Arg-AP caused
a dramatic release into the cytosol of nuclear HMGB1, a
prototypical DAMP (Figure 3G,H). This response was
blocked by cyclophilin D ablation (Figure 3G,H).

Pancreatitis Causes Dramatic Changes in Acinar
Cell Lipid Metabolism, Which Are Largely
Prevented by Cyclophilin D Knockout

Massive accumulation of small/”empty” vacuole-like
structures in acinar cells is an early histopathologic
response of rat Arg-AP,13,29,30 which we also observed in
mouse Arg-AP (Figure 4A). Although the previous
studies13,29,30 concluded these vacuoles were autophagic,
their nature was not investigated. [H&E-stained pancreatic
tissue sections from rat and mouse Arg-AP also display
large, morphologically different, cargo-containing, vacuoles
(Figure 3A; and Ref.8), identified with electron microscopy
(EM) as autolysosomes (see below, Figure 5C and
Supplementary Figure 9; and Ref.8)]. EM analysis revealed
(Figure 4B,C; Supplementary Figure 8A) that the small/
”empty” vacuoles have features of lamellar bodies (LBs),
cellular organelles that are composed of concentric mem-
brane layers and function in lipid storage and secretion.31

LBs play physiologic roles in skin and lung, but their for-
mation in other organs is usually caused by defects in lipid
degradation; in particular, LBs accumulate in lysosomal
storage diseases with defective lipid turnover.32 EM also
showed the appearance of lipid droplets (LDs) in Arg-AP
(Figure 4D), organelles that store fatty acids in the form of
triacylglycerols (TAGs).33 Supporting the EM data, IB
showed up-regulation of perilipin 2 (PLIN2), a marker of
lipid storage organelles,33 in pancreas of mice with Arg-AP
(Figure 4E) and CER-AP (data not shown). We did not
detect PLIN1, a specific marker of adipocyte LDs,33 in either
normal pancreas or pancreatitis tissue, indicating no
contamination with adipocytes.

To confirm that pancreatitis, indeed, causes deregulation
of lipid metabolism, we assessed the effect of Arg-AP on
pancreatic levels of TAGs and FFAs using LC-MS and GC-MS.
Arg-AP decreased total pancreatic TAG content (Figure 4F)
by decreasing TAGs containing unsaturated fatty acids,
without changing saturated TAGs (Figure 4F;
Supplementary Figure 8B). It caused profound and selec-
tive changes in the composition and levels of FFAs in
pancreas (Figure 4G-L; Supplementary Figure 8C-E). Arg-
AP markedly decreased the levels of saturated FFAs, such
as myristic, palmitic, and stearic acids; increased the levels
of long-chain polyunsaturated fatty acids (PUFAs), eg,
arachidonic and eicosadienoic acids; but had no effect on
medium-chain unsaturated FFAs, eg, linoleic acid. Because
the majority of FFAs are saturated (Supplementary
Figure 8C), these changes resulted in a decrease in total
pancreatic FFAs in Arg-AP (Figure 4G) and a shift of FFA
profile toward unsaturated fatty acids. Thus, the ratio of
total saturated FFAs to PUFAs decreased from approxi-
mately 2.5 in control pancreas to approximately 1.0 in
Arg-AP (Figure 4H). As an example, the ratio of the
most abundant saturated palmitic acid to unsaturated
arachidonic acid decreased 5.2 times in Arg-AP.

Remarkably, cyclophilin D knockout prevented Arg-
induced accumulation of LBs seen with H&E staining and
EM, as well as the up-regulation of PLIN2 (Figure 4E). It
greatly attenuated pancreatitis-induced changes in the
levels and composition of TAGs and FFAs (Figure 4F-L;
Supplementary Figure 8E), and largely restored the ratio of
saturated FFAs to PUFAs in Arg-AP (Figure 4H).

These data indicate an important role of mitochondria in
maintaining exocrine pancreas lipid homeostasis.
Cyclophilin D Knockout Alleviates ER Stress and
Enhances Autophagic Flux in Pancreatitis

Early activation of ER stress is a prominent feature of
Arg-AP.13 It is manifest by up-regulation of ER stress
markers CHOP, GRP78, and phosphorylated (p)-IRE1, and
down-regulation of spliced XBP1 (sXBP1) that plays a pro-
tective role in pancreatitis.14 ER stress in Arg-AP was
already evident at 6 hours, and further increased by
24 hours (Figure 5A,B). Cyclophilin D knockout largely



Figure 3. Normalizing mitochondrial function by cyclophilin D genetic ablation improves Arg-AP. Mice were subjected to Arg-
AP, killed at 72 hours (A), 24 hours (C,E-G), or as indicated (B); and histopathologic changes (A; H&E staining) and pancreatitis
responses (B-H) were measured. (C,D). Inflammatory infiltration was measured on pancreatic tissue immunostained for the
neutrophil marker myeloperoxidase (MPO) and macrophage marker F4/80 (see also Supplementary Figure 7). (E,F). Pancreatic
levels of phosphorylated and total p65/RelA (E) were measured by IB, and NF-kB DNA binding activity (F), by EMSA. In this and
other figures, ERK1/2 or GAPDH are loading controls, and each lane on IB represents an individual animal. The narrow white
space on EMSA gel indicates the lanes are on the same gel but not contiguous. (G,H). Subcellular localization of HMGB1 in
pancreas was analyzed by IF using Volocity software. Scale bars: 10 mm. Values are mean ± SEM (n ¼ 3–4). *P < .05 vs wt
saline-treated mice; #P < .05 vs same treatment in CypD KO mice; $P < .05 vs saline-treated CypD KO mice.
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prevented ER stress in Arg-AP, evidenced by delayed
induction and decreased protein expression of CHOP,
GRP78, and p-IRE1, and by sustained level of sXBP1
(Figure 5A,B).

Impaired autophagy is a characteristic feature of AP in
various models, caused by reduced ability of lysosomes to
degrade cargo and a concomitant increase in autophago-
some formation.8,9 Indeed, acinar cells in Arg-AP showed
accumulation of abnormally large autolysosomes contain-
ing poorly degraded cargo (Figure 5C, Supplementary
Figure 9). The pancreas also exhibited increased levels of
the autophagic vacuole marker LC3-II and autophagy
substrate p62/SQSTM1, and accumulation of ubiquitinated
proteins (Figure 5D,E), all consistent with reduced
autophagic flux in Arg-AP. Importantly, we find massive in-
crease in LC3-positive puncta in pancreatic tissue from pa-
tients with pancreatitis (Supplementary Figure 10),
suggesting that autophagic flux is impaired in human disease.
Indeed, EM of human pancreatitis prominently shows large
autophagic vacuoles with poorly degraded material.8,9

One characteristic of decreased lysosomal proteolytic
function in experimental AP is defective processing/
maturation of cathepsins, a major class of lysosomal
hydrolases.8,9 In particular, the key cathepsin B (CatB) is
mainly present in control pancreas as fully mature (double-
chain) form; whereas in Arg-AP the level of its intermediate,
partially processed (single-chain) form markedly increases
while the mature form is reduced (Figure 5F). Cyclophilin D



Figure 4. Arg-AP pro-
foundly disturbs pancre-
atic lipid metabolism,
which is prevented by
cyclophilin D genetic
ablation. Mice were sub-
jected to 24 hours Arg-AP.
H&E staining (A) shows
multiple small vacuoles in
pancreas of wt animals
with Arg-AP, identified by
EM as lamellar bodies
(B,C) and lipid droplets (D).
Boxed area in (B), showing
accumulation of lamellar
bodies, is enlarged in (C).
Scale bars: 10 mm (A), 6.7
mm (B), and 1.3 mm (C,D).
(E). IB analysis of perilipin
2 (PLIN2), a marker of lipid
droplets. The narrow white
space indicates the lanes
are on the same blot but
not contiguous. (F-L).
Pancreatic tissue tri-
acylglycerols (TAG) and
free fatty acids (FFA) were
measured with LC-MS and
GC-MS as detailed in
Methods. Total, saturated,
and unsaturated TAG and
FFA levels were quantified
based on their detailed
profiles (seeSupplementary
Figure 8C,D), normalized
per mg protein, and further
normalized to wt control
mice. (I-L). Effect of Arg-AP
on individual FFAs (the
numbers of carbons and of
double bonds are indi-
cated). Values are mean ±
SEM (n ¼ 3). *P < .05 vs
wt saline-treated mice;
#P< .05 vs same treatment
in CypD KO mice.
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knockout restored CatB processing in Arg-AP (Figure 5F),
indicating that mitochondria regulate the endolysosomal
pathway. Interestingly, EM showed that defective/
condensed mitochondria wrap around the abnormally large
autolysosomes in acinar cells, suggesting a direct interaction
between these organelles in AP (Figure 5C, Supplementary
Figure 9). In correlation with improved CatB processing,
cyclophilin D knockout normalized autophagic flux in Arg-
AP, resulting in decreased levels of LC3-II, p62, and ubiq-
uitinated proteins (Figure 5D,E) and markedly less acinar
cell vacuolization (Figure 3B). To further confirm the role of
mitochondria in maintaining pancreatic autophagy, we used



Figure 5. Cyclophilin D genetic ablation alleviates ER stress and normalizes autophagy in Arg-AP. Mice were subjected to Arg-
AP and killed at indicated times (A,B) or at 24 hours (C-I). Markers/mediators of (A,B) ER stress, (D-F) autophagic/lysosomal
pathways, and (G) mitophagy were analyzed in pancreatic tissue by IB. Ub, ubiquitin; CatB, cathepsin B. The IB in (F) shows
the intermediate/single-chain (sc) CatB form and the heavy chain of mature/double-chain (dc) form. (C). EM showing
abnormally large autolysosome with poorly degraded material in pancreas of Arg-AP mouse. The boxed area is enlarged in
Supplementary Figure 10. Scale bar: 1.7 mm. (H,I). Pancreatic acinar cells were isolated from mice of indicated groups,
incubated for 2 hours in the presence or absence of lysosomal protease inhibitors, E64D þ pepstatin A (20 mmol/L each), and
LC3-I/II levels measured by IB. In (B) and (I), densitometric band intensities for specified proteins were normalized to that of
ERK in the same sample, and the mean ratios further normalized to that in wt control group. Values are mean ± SEM (n ¼ 3).
*P < .05 vs wt saline-treated mice; #P < .05 vs same treatment in CypD KO mice; $P < .05 vs saline-treated CypD KO mice.
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the compound GFP-LC3;Ppid-/- mice generated by crossing
cyclophilin D knockout mice and GFP-LC3 mice that express
LC3 conjugated with green fluorescent protein. Cyclophilin
D ablation in GFP-LC3 mice almost completely prevented
accumulation of both the endogenous LC3-II and GFP-LC3-II
induced by Arg-AP (Supplementary Figure 11).
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To more specifically assess the role of mitochondria in
autophagy induction and autophagic flux, we isolated acinar
cells from wt and cyclophilin D knockout mice subjected to
Arg-AP, and incubated them with inhibitors of lysosomal
proteolytic degradation, E64D plus pepstatin A
(Figure 5H,I). In this type of analysis, when lysosomal
degradation is blocked, changes in LC3-II (ie, those induced
by Arg-AP) solely reflect autophagosome formation.34 In the
presence of lysosomal inhibitors, acinar cells from wt mice
with Arg-AP displayed greater levels of LC3-II than cells
isolated from control mice, indicating autophagy induction
(ie, increased autophagosome formation) in Arg-AP. The
same analysis on acinar cells isolated from cyclophilin D
knockout mice showed almost no autophagy induction by
Arg-AP (Figure 5H,I). The data also indicate that Arg-AP
activates mitophagy, a selective autophagy of mitochon-
dria,35 which is prevented by cyclophilin D knockout.
Indeed, Parkin1, a key protein initiating mitophagy,35 was
up-regulated by Arg-AP in wt but not in cyclophilin D
knockout mice (Figure 5G).

Thus, the results indicate that Arg-AP both activates
pancreatic autophagy (in particular, mitophagy) and causes
impaired autophagic flux. We found a similar situation in
CER-AP.8,9 Cyclophilin D ablation normalizes autophagy
(Figure 5), revealing the link between mitochondrial and
autophagic dysfunctions.
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Enhancing Autophagic Activity With Trehalose
Improves AP

Genetic alterations that specifically target autophagic
pathways induce pancreatitis-like injury.6,10–12,36 We
therefore examined whether the toxic effects of mitochon-
drial dysfunction on pancreas are mediated, at least in part,
by impaired autophagy. To normalize autophagy in
pancreatitis, wt mice were treated with trehalose, a disac-
charide recently shown to stimulate autophagic flux and
clearance of autophagic vacuoles.37 Trehalose enhanced
autophagic activity in Arg-AP, which was manifest by de-
creases in LC3-II puncta (Supplementary Figure 12A) and IB
levels of LC3-II, p62, and ubiquitinated proteins
(Figure 6A,B); and by normalized CatB processing
(Figure 6B). The histopathologic alterations caused by Arg-
AP were greatly improved in trehalose-treated mice
(Figure 6C); and EM showed no accumulation of abnormally
large autolysosomes with poorly degraded cargo, typical of
pancreatitis (Figure 6D).

Restoring autophagy with trehalose markedly alleviated
pancreatitis responses (Figure 6E,F). In particular, pancre-
atic necrosis was decreased several fold and trypsinogen
activation completely prevented, as was HMGB1 release
from nuclei (Figure 6E, Supplementary Figure 12B). There
was no increase in p65/RelA phosphorylation (Figure 6F)
and less neutrophilic infiltration as determined by MPO
staining (Figure 6E; Supplementary Figure 12C). Trehalose
attenuated ER stress in Arg-AP, manifest by down-
regulation of CHOP and up-regulation of sXBP1
(Figure 6F); prevented formation of LBs and LDs, as evi-
denced with EM and light microscopy (Figure 6C,D) and by
PLIN2 down-regulation (Figure 6F); and it restored the
levels of saturated FFAs (Figure 6G). Thus, trehalose’s ef-
fects of improving pancreatitis were similar (albeit of lesser
extent) to those of cyclophilin D knockout, indicating
impaired autophagy as a key downstream effector of mito-
chondrial dysfunction in AP. However, the mechanisms of
the protective effects of cyclophilin D ablation and trehalose
treatment do not completely overlap. For example, cyclo-
philin D ablation reduced necrosis in Arg-AP to a greater
extent than trehalose (Figures 3B and 6E).

To determine whether trehalose treatment is also pro-
tective in AP model associated with [Ca2þ]i increase, we
examined its effects on CER-AP. In this model as well,
trehalose normalized autophagic flux, as reflected by
decreased LC3-II and p62 levels (Supplementary
Figure 13A); and improved other parameters of AP
including histology, trypsinogen activation, and CHOP
up-regulation (Supplementary Figure 13B,C).

Trehalose could be expected to improve mitochondrial
“health status” by enhancing autophagic elimination of
damaged mitochondria. Indeed, we found that trehalose
treatment partially restored tubularmitochondrial network in
pancreas of mice with Arg-AP and CER-AP (Supplementary
Figure 14A). However, trehalose did not restore DJm re-
covery after ADP-induced drop in isolated mitochondria
(Supplementary Figure 14B), and did not prevent CCK-
induced loss of DJm in acinar cells (Supplementary
Figure 14C). Thus, in accord with findings in other cells,38,39

mitochondria in pancreas are not directly targeted by treha-
lose. In contrast, cyclophilinDknockout improves pancreatitis
through directly preventingmitochondrial damage (Figures 1,
2; Supplementary Figures 5, 6).
Discussion
Our study aimed to elucidate the mechanisms of mito-

chondrial dysfunction in AP and pathways linking mito-
chondrial damage to pancreatitis pathologies. We find that
mitochondrial dysfunction drives Arg-AP, a widely used
model of severe AP, the pathogenic mechanism of which has
largely remained unknown. Arg-AP early and dramatically
increased Arg level in pancreatic mitochondria, and pro-
moted complex formation between cyclophilin D and ATP
synthase resulting in decreased ATP synthase activity and
PTP opening. Thus, we find that this mechanism operates in
a disease model, validating the recent paradigm.5,7 Of note,
Arg does not cause liver mitochondria damage.

We compared the mechanisms of mitochondrial
dysfunction in Arg-AP with other models. Arg-AP, as well as
CDE-AP, causes “irreversible” damage of pancreatic mito-
chondria that persists in conditions precluding Ca2þ over-
load. In contrast, mitochondrial damage induced by CER/
CCK or TLCS in in vivo or ex vivo AP models is mediated by
Ca2þ overload and is reversible upon removal of Ca2þ. The
differences in parameters of mitochondrial dysfunction are
summarized in Supplementary Table 1. Our results, together
with Mukherjee et al4 and Shalbueva et al,40 indicate that
both mechanisms converge on cyclophilin D-dependent PTP
opening, causing depolarization, ATP drop, and



Figure 6. Enhancement of autophagic activity with trehalose improves Arg-AP. Wt mice received daily i.p. injections of
trehalose (or vehicle) for 2 weeks, then subjected to Arg-AP and killed 24 hours later. (A,B,F). Effects of trehalose on markers/
mediators of autophagic and lysosomal pathways (LC3, p62, ubiquitin, CatB), ER stress (CHOP, sXBP1), lipid droplets (PLIN2),
and inflammation (phospho-p65/RelA) were analyzed by IB. The IB in (B) shows the intermediate, single-chain (sc) and the
mature, double-chain (dc) forms of CatB. (C,D). H&E staining and EM demonstrate the absence of abnormally large autoly-
sosomes and lamellar bodies in trehalose-treated mice with Arg-AP. Scale bars: 10 mm (C), 2 mm (D). (E,G). Effects of trehalose
on Arg-AP responses (E) and pancreatic FFA levels (G), measured as in Figure 5. *P < .05 vs control (saline-treated) mice
without trehalose; #P < .05 vs trehalose-treated mice with Arg-AP; $P < .05 vs control (saline-treated) mice with trehalose. (H).
Schematic illustrating the pathways of mitochondrial dysfunction and their links to pancreatitis.
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mitochondrial fragmentation. Hence, cyclophilin D ablation
prevents mitochondrial dysfunction in all models tested
(this study4,40).

The finding of a Ca2þ-overload independent mechanism
of mitochondrial dysfunction does not imply there is no
aberrant Ca2þ signaling or that Ca2þ is not involved in Arg-
AP pathogenesis. It is well established in other cells that
mitochondria control Ca2þ signaling; in particular, frag-
mentation of mitochondria disrupts their contacts with ER
that regulate ER Ca2þ transport.41 In acinar cells, mito-
chondrial inhibitors convert the physiologic (oscillatory/
transient) [Ca2þ]i response to neurohormones into patho-
logic (peak-and-plateau) signal characteristic of pancrea-
titis.19 Mitochondrial dysfunction in Arg-AP, as well as in
other models, likely perturbs Ca2þ signaling, thus contrib-
uting to pancreatitis pathologies.

We find that mitochondrial dysfunction mediates key
pathologic responses of Arg-AP: hyperamylasemia, trypsin-
ogen activation, necrosis, vacuolization, and inflammation.
We further find dramatic and specific changes in exocrine
pancreas lipid metabolism. Recent studies have elucidated
the injurious role of peripancreatic fat necrosis in pancre-
atitis15,16; however, alterations in acinar cell lipid
metabolism have not been investigated. Our data show that
Arg-AP causes accumulation in acinar cells of lipid storage
organelles, LBs and LDs, thus illuminating the nature of
copious small vacuoles appearing in this model. LD accu-
mulation was reported in pancreatitis patients42; and in rat
AP induced by L-lysine.43 Arg-AP alters the levels and
composition of pancreatic TAGs and FFAs, shifting the FFA
profile toward PUFAs. These changes could be very detri-
mental because acinar cell function critically relies on effi-
cient membrane trafficking and retrieval. Furthermore,
PUFAs, eg, arachidonic acid, damage acinar cells and worsen
pancreatitis severity.15,16 Remarkably, cyclophilin D
knockout largely prevented lipid metabolism abnormalities,
revealing the role of mitochondria in maintaining pancreatic
lipid homeostasis.
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Deregulation of acinar cell lipid metabolism is a pre-
viously unrecognized pathology of AP. Certainly, more
detailed studies are needed to examine the effects
of pancreatitis on various classes of lipids in acinar
cells, the underlying mechanisms, and role in disease
pathogenesis.

Acinar cells have among the highest rates of protein
synthesis, making them highly susceptible to ER pertur-
bations. ER dysfunction triggers the protective unfolded
protein response, which, if unsuccessful, leads to ER
stress. Manifestations of the latter are present in
pancreatitis models,13,14,44 particularly Arg-AP.13 ER
stress was markedly reduced by cyclophilin D ablation in
both Arg-AP and CER-AP, indicating a role for mitochon-
drial dysfunction in this response. Several mechanisms
may link mitochondrial dysfunction to ER stress in
pancreatitis: ATP decrease could compromise unfolded
protein response; critical ER–mitochondria contacts could
be disrupted41; or autophagy impairment overwhelmed
unfolded protein response capacity to eliminate protein
aggregates.6,10,12

Impaired autophagy is emerging as a key pathogenic
event in pancreatitis4,6,8–12,36; it is implicated in disease
initiation because genetic modifications to impair or block
autophagy cause pancreatitis.6,10–12 The data indicate
autophagy is activated in experimental pancreatitis, but its
completion (lysosomal degradation) is inhibited. One
mechanism underlying deficient lysosomal activity in
pancreatitis could be defective/incomplete cathepsin (eg,
CatB) processing.8,9,11 Notably, cyclophilin D genetic abla-
tion normalized CatB processing in Arg-AP, demonstrating
that mitochondria regulate endolysosomal and autophagic
pathways in exocrine pancreas. Our results indicate that
pancreatitis also activates mitophagy, the selective auto-
phagy of mitochondria. In particular, Arg-AP displayed all
the preconditions for mitophagy activation: mitochondrial
depolarization and fragmentation, and increase in Parkin1, a
protein that initiates mitophagy by decorating depolarized
mitochondria.35 Cyclophilin D ablation cancelled all these
effects.

To test whether autophagy mediates toxic effects of
mitochondrial damage in AP, we used trehalose, a disac-
charide that enhances autophagic flux and clearance of
protein aggregates.37 Trehalose enhanced autophagic ac-
tivity in both Arg-AP and CER-AP (manifested by reduced
accumulation of LC3-II, p62, and ubiquitinated proteins),
largely normalized lipid metabolism, and alleviated
pancreatitis responses. Notably, in both Arg-AP and CER-AP
trypsinogen activation was completely prevented, providing
further evidence for a critical role of defective autophagy in
this signature AP response.8,9,11 Trehalose has no direct
effect on mitochondria in acinar cells, in accord with find-
ings in other cells.38 Thus, the results with cyclophilin D
ablation identify mitochondrial dysfunction as the primary
defect driving Arg-AP, whereas the results with trehalose
indicate that key pathologic responses caused by mito-
chondrial damage are mediated through impaired
autophagy.
Importantly, we find that pancreatic tissue from patients
with pancreatitis displays mitochondrial fragmentation and
increase in LC3 puncta, the same manifestations of mito-
chondrial and autophagic dysfunctions as observed in AP
models.

In sum, our results show that mitochondrial dysfunction
in AP is induced by not only Ca2þ overload but also through
enhanced complex formation between cyclophilin D and
ATP synthase, a mechanism that does not necessitate Ca2þ

overload. We find, in particular, that this mechanism drives
Arg-AP. Cyclophilin D ablation normalizes mitochondrial
function and greatly improves AP in models both driven and
not by Ca2þ overload. We find deregulation of acinar cell
lipid metabolism in AP. The impaired autophagy, ER stress,
and deregulated lipid metabolism are all mediated by
mitochondrial dysfunction and normalized by cyclophilin D
knockout (Figure 6H). Thus, our results, together with
previous findings,4,40 reveal a central role for mitochondrial
dysfunction in AP pathogenesis. Further, restoring efficient
autophagy with trehalose markedly ameliorates pancreatic
injury, indicating impaired autophagy as a major down-
stream effector of mitochondrial damage in AP. Both mito-
chondrial and autophagic dysfunctions are prominent in
human disease; thus, approaches to normalize these path-
ways could be promising for disease treatment.
Supplementary Material
Note: To access the supplementary material accompanying
this article, visit the online version of Gastroenterology at
www.gastrojournal.org, and at https://doi.org/10.1053/
j.gastro.2017.10.012.
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