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Fig. S15. Schematic showing potential mechanisms of obesity-induced severe pancreatitis.

Fig. S16. Representative images of pancreatic sections showing amount of intrapancreatic fat as quantified by the pathologist.
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Abstract

Obesity increases the risk of adverse outcomes during acute critical illnesses such as burns, severe
trauma, and acute pancreatitis. Although individuals with more body fat and higher serum
cytokines and lipase are more likely to experience problems, the roles that these characteristics
play are not clear. We used severe acute pancreatitis as a representative disease to investigate the
effects of obesity on local organ function and systemic processes. In obese humans, we found that
an increase in the volume of intrapancreatic adipocytes was associated with more extensive
pancreatic necrosis during acute pancreatitis and that acute pancreatitis was associated with
multisystem organ failure in obese individuals. In vitro studies of pancreatic acinar cells showed
that unsaturated fatty acids were proinflammatory, releasing intracellular calcium, inhibiting
mitochondrial complexes I and V, and causing necrosis. Saturated fatty acids had no such effects.
Inhibition of lipolysis in obese (0b/ob) mice with induced pancreatitis prevented a rise in serum
unsaturated fatty acids and prevented renal injury, lung injury, systemic inflammation,
hypocalcemia, reduced pancreatic necrosis, and mortality. Thus, therapeutic approaches that target
unsaturated fatty acid—-mediated lipotoxicity may reduce adverse outcomes in obese patients with
critical illnesses such as severe acute pancreatitis.

INTRODUCTION

Obese individuals have an increased risk of developing multisystem organ failure in acute
inflammatory conditions such as severe burns (1, 2), severe trauma (3), critical illness (4),
and acute pancreatitis (AP) (5, 6). Pancreatitis is associated with the release of destructive
digestive enzymes from pancreatic acinar cells into the pancreas itself. When AP is initiated
by diverse stimuli, including alcohol consumption and gallstones (7-9), obese patients are
more prone to severe AP (SAP). This is a concern because SAP results in 40 to 50%
mortality when complicated by acute renal failure, respiratory failure, hypocalcemia, and
other manifestations of multisystem organ failure or by large areas of pancreatic necrosis
(10, 11). Patients with SAP have increased visceral fat (12), higher serum cytokines [for
example, interleukin-6 (IL-6) and monocyte chemotactic protein 1 (MCP-1)], and
adipokines (for example, resistin and visfatin) (5, 13), but it is unclear whether these are
markers or mediators of injury. With no effective therapies, the current management
standard is supportive care and managing complications when they occur (14).

SAP is therefore a relevant disease in which to study both the local effects of a visceral fat
depot [that is, intrapancreatic adipocytes (15); hereafter referred to as intrapancreatic fat
(IPF) (16)] and the multi-system organ failure related to obesity. To explore the mechanisms
that cause worse outcomes in obese patients with SAP, we examined the relationship of
disease severity to patient BMI, to the amount of IPF and pancreatic necrosis at the time of
autopsy, and to the characteristics of samples removed during surgical debridement from
patients with SAP. We also studied the interplay between adipocytes and pancreatic
parenchyma on the cellular level in a coculture system, which simulated the unpolarized
basolateral release of acinar enzymes noted in human disease (17). This helped to determine
the role of lipolysis-mediated formation of nonesterified fatty acid (NEFA) and adipokine
changes in AP. We then characterized the role of different classes of NEFA [saturated fatty
acids (SFAs) and unsaturated fatty acids (UFAs)] in deleterious outcomes and the cause-
effect relationship between SFAs, UFAs, and cytokines in vitro. We finally verified findings
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from these experiments in an obese animal pancreatitis model [using IL-12 and IL-18 (18)],
chosen because of its clinical relevance (19-22) in that pancreatitis causes reproducible
lethality in obese mice but not in lean mice (23).

RESULTS

IPF worsens pancreatic necrosis in obesity

Pancreatic tissues sections, harvested at the time of autopsy from control patients (50
individuals) and 24 patients with an autopsy diagnosis of AP (of which 13 fulfilled clinical
criteria for AP), were studied histologically (Table 1). Immunostaining revealed that cells
morphologically resembling adipocytes were positive for the adipocyte marker perilipin
(Fig. 1A). We referred to these regions as IPF. IPF area was measured as a percentage of
total histological area, as described in Materials and Methods. IPF area as measured by
histology was increased in patients with a body mass index (BMI) of 230 irrespective of
disease state (Fig. 1, B to E). This was verified for 13 patients who had abdominal computed
tomography (CT) scans before a diagnosis of pancreatitis or who were controls (Fig. 1F and
fig. S1). Patients with SAP had higher BMIs (Fig. 1G) and more IPF than those with mild
AP (Fig. 1B).

Pancreatic sections obtained during autopsies of patients with AP revealed that pancreatic
necrosis occurred predominantly around areas with necrosis of IPF (Fig. 2, A to D). SAP
and obese patients had more fat necrosis and higher acinar necrosis surrounding areas of fat
necrosis (peri-fat acinar necrosis) (Fig. 2, B to G) than did patients with mild AP or
nonobese patients, respectively. These changes were unlikely to be a postmortem artifact
because autopsy specimens from control patients had insignificant amounts of fat necrosis
and acinar necrosis (Fig. 2, B to G). Further evidence for these changes having taken place
before death was provided by the infiltration of CD68-positive macrophages around fat
necrosis but not normal fat (fig. S2).

Von Kossa staining, in which silver cations replace calcium to yield a brown color (24),
revealed that areas of fat necrosis and surrounding peri-fat acinar necrosis were rich in
calcium (dashed ovals, Fig. 2A), suggesting that NEFAs released into the parenchyma had
undergone saponification. Measurement of NEFA in pancreatic necrosis debridement fluid
from six obese SAP patients (mean BMI, 36.7 £+ 4.7) showed a mean concentration of 7.8 +
2.9 mM, of which 75.3% was UFAs (Fig. 2H), with NEFA concentrations as high as 65 mM
in supernatant fluid from debridement tissue homogenates. These findings suggest that
NEFAs generated from increased IPF in obese individuals may exacerbate local pancreatic
injury during AP.

Lipolysis regulates necrosis and resistin levels

Pancreatic acinar cells, which are polarized, normally release their digestive enzymes from
the apical pole (25) into the ductal lumen (Fig. 1A, inset). These enzymes normally do not
contact the basal surface where adipocytes are located. Disruption of apically directed,
polarized trafficking, such as from an insult that causes pancreatitis (25-27), results in
interstitial leakage of enzymes and other macromolecules during pancreatitis (17). To
explore whether this macromolecular diffusion contributes to fat-induced acinar necrosis, we
simulated pathological interstitial leakage by coculturing adipocytes and pancreatic acini
using a Transwell system in which the 3-um pores allowed macromolecular diffusion (fig.
S3) while avoiding contamination of one cell type by the other (fig. S4A). When
individually cultured, each cell type appeared morphologically and physiologically normal
(figs. S5 and S6). However, coculture resulted in acinar cell necrosis, as evidenced by
propidium iodide (PI) staining, a drop in adenosine 5'-triphosphate (ATP) levels, and
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cytochrome c leakage (Fig. 3, A to F) in the absence of increased active caspase-3 or an
increase in the lipidated amounts of the autophagic marker LC3-II (fig. S4). These changes
in acinar cells were accompanied by a large increase in NEFA (Fig. 3G) and resistin
concentrations in the medium (fig. S7), which were similar to those observed in debridement
fluid (Fig. 2H) and serum, respectively, of patients with SAP (13). These changes in acinar
cells in vitro were completely prevented by the pancreatic lipase inhibitor (28, 29) orlistat
(50 uM), which preserved acinar cell viability and function at control levels (Fig. 3, C to G,
and figs. S6 and S7). Therefore, we conclude that lipolysis regulates NEFA formation,
acinar necrosis, and resistin levels in the coculture system.

UFAs induce necrosis and are proinflammatory

To determine which fatty acids are responsible for acinar cell necrosis in coculture, we
exposed acinar cells to individual fatty acids at concentrations less than or equal to those in
coculture or debridement fluid. Intracellular calcium concentrations were increased when
acinar cells were treated with UFAs (Fig. 4A). We concluded that these fatty acids came
from an intracellular pool because the calcium increase was inhibited by the calcium
adenosine triphosphatase (ATPase) inhibitor thapsigargin (30), but not by the extracellular
calcium chelator EGTA (Fig. 4B). UFAs also caused lactate dehydrogenase (LDH) leakage
into the medium (Fig. 4C and fig. S8A). Both the LDH leakage and the intracellular calcium
increase were dose-dependent (Fig. 4C and fig. S§B). Chelation of the intracellular calcium
pool with BAPTA [1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid] partially
prevented LDH leakage and cytochrome c release, although this protection was not
sustained beyond 3 hours (fig. S9). Linoleic acid (300 uM) but not palmitic acid (1200 uM)
inhibited mitochondrial complexes I and V (Fig. 4, D and E, and fig. S10), causing a drop in
ATP concentrations and necrotic cell death (fig. S11). Additionally, sublethal concentrations
(200 uM) of linoleic acid [which increased cytosolic calcium (fig. S9B)] but not palmitic
acid increased mRNA levels for tumor necrosis factor—a (TNF-a)) and the neutrophil
chemoattractants CXCL1 and CXCL2 (Fig. 4, F to H). These findings support the
hypothesis that UFAs generated as a result of lipolysis induce acinar cell necrosis and are
proinflammatory.

Lipolysis contributes to pancreatic necrosis

In response to IL-12 and IL-18, 0b/ob mice developed pancreatitis that was associated with
an increase in serum amylase and lipase levels (fig. S13). Pancreata of 0ob/ob mice contained
26 + 2.1% fat (Fig. 5A). Von Kossa staining revealed increased calcium staining in areas of
fat necrosis (Fig. 5, A and F) and surrounding peri-fat acinar necrosis (Fig. 5, A and G). The
peri-fat acinar necrosis contributed significantly to total acinar necrosis (Fig. 5, A, E, and
G). Grossly, pancreata of mice with pancreatitis had saponification, seen as chalky deposits
(Fig. 5B, upper image), which also were seen throughout the fat in the peritoneal cavity (Fig.
5C, left image) and were accompanied by hypocalcemia (Fig. 5SD). Orlistat treatment
significantly inhibited all these changes in ob/ob mice with pancreatitis on gross (Fig. 5, B,
lower image, and C, right image), histologic (Fig. 5, E to G), and biochemical (Fig. 5D and
fig. S12) evaluation, supporting the hypothesis that local release of lipolysis products
worsens acinar injury during AP.

Lipotoxicity results in multisystem organ failure

Evaluation of the triglyceride composition of visceral adipose tissue showed UFAs to be
significantly increased in obese mice (73% versus 48%, P = 0.003) compared to lean mice
(Fig. 6A), with a corresponding relative decrease in SFAs. Pancreatitis resulted in a
significant increase in serum UFA concentrations and in mortality, both of which were
significantly reduced in orlistat-treated animals (Fig. 6, B and C). SFA levels were not
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significantly reduced by orlistat (fig. S13). Orlistat also normalized serum resistin, TNF-a,
MCP-1, and IL-6 (Fig. 6, D to G), suggesting that it reduced systemic inflammation.

Damage in 0b/0b mice included numerous renal abnormalities. These included tubular
vacuoles (Fig. 7A, 1 and 2) that stained positive for fat with oil red O (Fig. 7B, 1 and 2),
tubular apoptosis and injury (Fig. 7C, 1 and 2), mitochondrial swelling and saponification
(Fig. 7D, 1 and 2), and associated renal failure with high blood urea nitrogen (BUN) levels
(Fig. 7E). Renal tubular damage was also noted in autopsies of SAP patients with acute renal
failure (fig. S14). All of these changes noted in mice with pancreatitis were normalized in
the orlistat-treated animals (Fig. 7, A3, B3, C3, and D3) to values similar to those of controls
(Fig. 7, A to D). Lung injury that was similar to the injury induced by oleic acid infusion
(31, 32), and manifested as increased apoptotic cells (Fig. 8, B, C, and E) and lung
myeloperoxidase levels (Fig. 8F), was also significantly reduced in the orlistat-treated group
(Fig. 8, D to F). These data suggest that UFAs generated as a result of lipolysis may result in
systemic inflammation and multisystem organ failure.

DISCUSSION

We show here that local and systemic lipotoxicity contributes to multisystem organ failure
and worse clinical outcomes in obese patients and in mice with pancreatitis. These effects
are a result of UFAs, generated locally from IPF (see schematic diagram of fig. S15), that
induce necrotic cell death through intracellular calcium release and inhibition of
mitochondrial complexes I and V. The accumulation of oil red O—positive vacuoles in renal
tubules along with mitochondrial swelling, tubular injury, and saponification in the kidneys
of mice and patients dying of renal failure indicates the presence of systemic lipotoxicity.
UFAs at sublethal concentrations also up-regulated inflammatory mediators. Inhibition of
lipolysis in vitro and in vivo inhibited the generation of resistin [recently shown to be of
adipocyte origin in humans (33)] and other inflammatory mediators such as TNF-a, MCP-1,
and IL-6. Thus, lipids seem to exert toxic effects through both a direct cellular toxic action
and an indirect effect mediated by up-regulation of inflammatory mediators such as TNF-a
and IL-6, which may independently exacerbate local and systemic injury.

UFAs comprised 73 to 75% of the NEFAs in human pancreatitis debridement fluid and
visceral adipose triglyceride content of obese mice but only 48% in lean mice. This larger
proportion of UFAs, combined with the doubling of intrapancreatic adipocyte mass that
occurred with obesity, could result in as much as a 300% increase in UFA concentrations
locally and in the serum upon lipolysis, which is sufficient to cause local and systemic
lipotoxicity. Similarly, secretion of lipolytic enzymes from acinar cells into a medium
containing chylomicrons resulted in damage to the acinar cells, as indicated by LDH leakage
(34). This effect was decreased in the presence of orlistat (35), supporting our hypothesis
that unpolarized release of lipase causes lipolysis of adipocyte triglyceride and thereby
acinar injury.

How do the lipolytic enzymes come into contact with the triglycerides? Although the
stimulus for triglyceride release from adipocytes is unknown, adipocytes express a G protein
(heterotrimeric guanosine 5'-triphosphate—binding protein)—coupled receptor activated
proteolytically by trypsin (protease-activated receptor 4) (36, 37). Trypsin also increases the
lipolytic response of adipocytes to adrenergic agents such as norepinephrine and
isoproterenol (38). Addition of a serine protease—specific trypsin inhibitor (39) reduced the
generation of glycerol when we cocultured adipocytes and acinar cells to 80% of that
generated in its absence. This may partially explain how interstitial leakage of pancreatic
enzymes affects lipolysis of adipocyte triglyceride. It is unlikely that fat within acinar cells
contributes to obesity-associated adverse outcomes, because there is little evidence for fat
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accumulation within the acinar cell. Vacuoles thought to represent severe fat accumulation
in the pancreas (40) can be seen on electron microscopy to be within cells that, unlike acinar
cells, are nonpolarized, without the lumen-facing dense granules or basal nuclei.
Additionally, vacuoles with a similar appearance may form in acinar cells as a result of
altered vesicular trafficking during early cerulein pancreatitis or autophagy (41-43) in
nonobese animals, which supports the nonspecific nature of this morphology.

The increase in serum UFAs with pancreatitis and the decrease with orlistat treatment were
smaller in magnitude than the corresponding changes in serum cytokines and markers of
renal and lung injury. This may be a result of saponification and renal excretion of serum
UFAs, eventually resulting in tubular toxicity (44, 45). Additionally, the larger systemic and
in vitro effects of orlistat compared to its local pancreatic effects may result from its limited
permeability across membranes, as shown by its inability to significantly reduce
isoproterenol-induced lipolysis. Orlistat inhibits lipogenesis in several cancer cell lines, but
not in normal cells (for example, prostate epithelial cells) (46). These findings, along with
orlistat’s limited entry into normal cells, indicate that its protective effect is not likely to be a
result of inhibition of lipogenesis in our primary cell culture systems.

Although the exact lipases contributing to the adverse outcomes associated with obesity in
pancreatitis remain uncharacterized, there are several that may have potential roles.
Pancreatic acinar cells have four lipases [pancreatic triglyceride lipase (PTL), carboxyester
lipase (CEL), and pancreatic lipase—like protein 1 and 2 (PLRP1 and PLRP2)] (47). Genetic
knockout studies suggest redundancy of pancreatic lipases in lipolysis of dietary fat, with
PTL/CEL knockout mice having normal weight gain. Although PLRP2 knockout mice
exhibit a slight delay in weight gain before 3 weeks of age, the adults have normal fecal fat
and are morphologically indistinguishable from their wild-type littermates (48). This
redundancy is likely to contribute to the lipolysis of visceral adipose triglycerides, which
result in NEFA formation and their downstream deleterious effects. Moreover, along with
these four lipases, one or more of lipases from the infiltrating visceral adipocytes may
contribute to lipolysis as well (49). Therefore, the identification of the specific lipases
contributing to obesity-associated adverse outcomes of pancreatitis with a genetic approach
may be challenging.

Our studies suggest that the UFAs generated from lipolysis contribute to the inflammation,
necrosis, multisystem organ failure, and mortality in AP associated with obesity and that
inhibition of lipolysis reduces these adverse outcomes. UFAs administered through various
routes have replicated individual parts of the pathophysiology of multisystem organ failure,
further supporting our conclusions. Dettelbach et al. noted hypocalcemia and intraperitoneal
saponification by intraperitoneal instillation of oleic or linoleic acid, but not palmitic or
stearic acid (50). Oleic acid administered intravenously at concentrations found in our study
results in acute respiratory distress syndrome with lung myeloperoxidase increase and
apoptosis (31, 32). Oleic acid and linoleic acid injected into the pancreatic duct induce
pancreatitis (51). Similarly, UFAs can elevate serum creatinine (50) and cause renal tubular
toxicity (52, 53).

The studies mentioned above, along with our work, demonstrate a pathogenic role of UFA-
mediated lipotoxicity and lead us to hypothesize that this lipotoxicity may mediate adverse
outcomes in acute illnesses. These findings are likely to apply to clinical circumstances such
as severe burns, trauma, and other critical illness in addition to AP (54-58), in which worse
outcomes have been noted in patients with elevated serum NEFAs. Elevated serum lipase
levels in patients with burns (59), hemorrhagic shock (60), and critical illnesses (61) predict
an adverse outcome, supporting a potential role of lipolysis in these clinical situations. The
increased serum UFA concentrations (57), UFA/SFA ratios (58), and UFA metabolites (62)
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that have been seen in these acute illnesses are consistent with their contributing to UFA-
mediated lipotoxicity.

The rapidity with which UFA caused release of intracellular calcium, inhibition of
mitochondrial complexes I and V, acinar necrosis, and inflammatory mediator up-regulation
in our studies, with renal, lung injury, and mortality occurring in a matter of days, is typical
of the acute illnesses discussed (54—58). This time course is in contrast to chronic illnesses
such as atherosclerosis, diabetes, and congestive heart failure, which progress over weeks to
several months (63-66). Lipotoxicity in these chronic illnesses is from intracellular
accumulation of excess SFAs or their metabolites (65, 67, 68), resulting in a reactive oxygen
species formation (69), an endoplasmic reticulum stress response (70, 71), mitochondrial
membrane damage (72), and apoptotic cell death (71, 73). Thus, acute UFA lipotoxicity is
likely distinct from the chronic effects of excess SFAs.

In summary, we have shown that lipotoxicity contributes to the inflammatory response,
multisystem organ failure, and necrotic acinar cell death in AP. Our findings suggest that
inhibition of lipolysis may represent a viable therapeutic strategy in limiting local and
systemic lipotoxicity, and the poor outcomes, associated with SAP. This condition, as well
as other severe acute inflammatory conditions, currently has no specific therapy, especially
in obese individuals. After identification of the responsible lipase or lipases, clinical studies
should be designed to target these enzymes to test the efficacy of this approach in improving
clinical outcomes during these devastating illnesses.

MATERIALS AND METHODS

All materials and methods are described in detail in the Supplementary Material.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Relationship between IPF and BMI. (A) Immunohistochemistry of human pancreatic section
showing the staining of the adipocyte marker perilipin (stained brown, red arrows) in IPF.
(Inset) Adipocytes normally abut the parenchymal basal surface (black arrows) and not the
lumen (dashed oval), which carries exocrine pancreatic secretions. Scale bar, 100 um. (B)
IPF as a percentage of total area in controls (white), AP patients on autopsy (light gray),
clinical AP patients with BMI of <30 or 230 (dark gray), and clinically mild AP and SAP
patients. The dots within the bars indicate the mean, and the horizontal line within the bars
indicates the median. P values are indicated for each pair. (C to E) Correlation between BMI
and percentage IPF in controls (C), AP patients (D), and all patients (E). Each dot represents
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the value for an individual patient. (F) Correlation between IPF measured by noncontrast CT
(thresholding method) and histology at autopsy [Hounsfield units (HU)]. (G) BMI of
patients with mild and severe pancreatitis. The dots within the bars indicate the mean, and
the horizontal line within the bars indicates the median.
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Fig. 2.

Relationship between acinar necrosis, fat necrosis, and NEFAs. (A) Human pancreatitis
serial sections stained for calcium with von Kossa (left) and hematoxylin and eosin (H&E)
(right), showing fat necrosis (adipocytes in quadrangle staining dark brown on von Kossa
and cheesy blue gray on H&E) and parenchymal injury (dotted lines) around calcium
staining (dashed ovals). (B to D) Acinar necrosis (B), fat necrosis (C), and peri-fat acinar
necrosis (D) box plots in controls (50 patients), clinically mild AP (8 patients), and SAP
groups (5 patients). (E to G) Acinar necrosis (E), fat necrosis (F), and peri-fat acinar
necrosis (G) in nonobese controls (BMI < 30 Con; n = 30), AP patients (BMI < 30 AP; n =
8), obese controls (BMI = 30 Con; n = 20), and AP patients (BMI = 30 AP; n = 16). The
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dots within the bars in (B) to (G) indicate the mean, and the horizontal line within the bars
indicates the median. (H) NEFA composition in human pancreatic necrosis debridement
fluid with individual NEFAs expressed as a percentage of total NEFA content. Each bar
depicts the NEFA mentioned below the corresponding bar in the top row of the table. White
bars, SFAs; black bars, UFAs. Numbers in the table below show P values between
individual NEFAs mentioned in the rows and columns.
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Fig. 3.

Lipolysis of adipocyte triglycerides causes acinar cell necrosis. (A to C) PI uptake in (A)
control acini, cocultured with adipocytes (B) and adipocytes and 50 uM orlistat (C). (D)
Percentage of acinar cells positive for PI uptake after culture alone (Ac), with 50 uM orlistat
(Ac + Orli), adipocytes (Ac + Ad), or 50 uM orlistat (Ac + Ad + Orli). (E) ATP levels in
acinar cells treated as in (D). (F) Cytochrome c (upper panel) in mitochondrial (M) and
cytoplasmic (C) fractions of Ac, Ac + Ad, and Ac + Ad + Orli. (Lower panel) Mitochondrial
marker COX IV. (G) Total NEFA concentrations in the medium of acini cells treated as in
D).
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Fig. 4.

UFAs induce acinar necrosis and inflammatory mediator generation. (A) Intra-acinar
calcium concentrations (expressed as 340/380 emission ratio) in response to addition (arrow)
of 600 uM fatty acids (LLA, linolenic acid; LA, linoleic acid; OA, oleic acid; SA, stearic
acid; PA, palmitic acid). (B) Effect of depletion of endoplasmic reticulum calcium with
thapsigargin (1 pM) (blue line) and depletion of extracellular calcium by chelation with
EGTA (1 mM added 10 min before adding linoleic acid, pink) on 600 uM linoleic acid—
induced intracellular calcium increase. (C) Leakage of LDH from acinar cells 5 hours after
treatment with fatty acids as in (A). (D and E) Effect of linoleic and palmitic acids on
mitochondrial complex (Cx.) I and V activity in acini. (F) Effect of linoleic and palmitic

Sci Transl Med. Author manuscript; available in PMC 2012 May 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Navina et al.

Page 19
acids on TNF-a RNA in acini. (G) Effect of linoleic and palmitic acids on CXCL1 mRNA

in acini. (H) Effect of linoleic and palmitic acid CXCL2 mRNA. Data are expressed as
means + SEM.
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Fig. 5.

Lipolysis exacerbates pancreatic damage in obese mice. (A) Von Kossa—stained (left) and
H&E-stained (right) serial sections showing pancreatic fat necrosis (black and brown at left,
lighter blue at right), surrounding parenchymal injury (pink at left, blue areas with loss of
cellular detail at right). Dotted area, saponified parenchymal fat. (B) Gross images of the
pancreas from vehicle-treated (top) or orlistat-treated (lower) animals with pancreatitis.
White, areas of saponification. (C) Gross images of the peritoneal cavity from vehicle-
treated (left) or orlistat-treated (right) animals with pancreatitis. White, areas of
saponification. Note that orlistat prevents saponification. (D to G) Serum calcium (D),
pancreatic necrosis (E), fat necrosis (F), and peri-fat acinar necrosis (G) (expressed as % of
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total area) were measured in control (Con), pancreatitis (IL), pancreatitis and vehicle-treated

(IL + Veh), or pancreatitis and orlistat-treated (IL + Orli) animals. Dashed lines depict
means. P values are shown in the table below.
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Fig. 6.

Serum UFA, adipokines, cytokines, and mortality in obese mice are reduced by inhibiting
lipolysis. (A) NEFAs in adipose tissue triglyceride of lean (white bars) and obese mice
(black bars). P values between lean and obesemice are indicated beloweach NEFA. (B)
SerumUFAs (uM) in controls animals (Con) and animals with pancreatitis (IL), vehicle
(Veh), pancreatitis with vehicle (IL + Veh), and orlistat treatment (IL + Orli). (C) Seven-day
mortality in ob/ob mice treated as in (B). (D to G) Serum adipokines and cytokines. Dotted
lines depict means. P values are shown below.
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Fig. 7.

Renal tubular lipotoxicity and renal failure are reduced by inhibiting lipolysis. (A to C)
Mouse kidney sections stained with (A) H&E, (B) oil red O, and (C) TUNEL (terminal
deoxynucleotidyl transferase—mediated deoxyuridine triphosphate nick end labeling) stain in
control (A to C), pancreatitis (A1, B1, and C1), pancreatitis with vehicle (A2, B2, and C2),
and pancreatitis with orlistat treatment (A3, B3, and C3) groups. (D) Electron microscopy of
renal tubules from control mice (D), mice with pancreatitis (D1), mice with pancreatitis +

vehicle (D2), and mice with pancreatitis + orlistat (D3) showing lipid vacuoles, some of

which have dense deposits of calcification (arrows) and mitochondrial swelling. Scale bar, 2
um. (E) Serum BUN in controls animals (Con) and animals with pancreatitis (IL),
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pancreatitis with vehicle (IL + Veh), and orlistat treatment (IL + Orli). Dotted lines depict

means, and the whiskers indicate the 5th and 95th percentile, with the dots above and below
plots indicating values outside this range. P values are shown below.

Sci Transl Med. Author manuscript; available in PMC 2012 May 2.



Navina et al.

Page 25

3 lE ; é 1000 F .
= -
5 o 1.
3 6 - 3% =)
] 4 ;_g_ 400
p =)
TR o< 200 .
= - £ s
P 0] e== ° - 0 —
P value Con IL |IL+Veh|IL+Orli P value Con | IL |IL+Veh|IL+Orli
vs.IL 0.0088 vs.IL 0.0319
vs. IL+Veh |0.0029/0.6210 vs. IL+Veh [0.0200/0.5643
vs. IL+Orli |0.3833/0.0247| 0.0351 vs. IL+Orli [0.1732/0.0128] 0.0054
Fig. 8.

Lung injury and inflammation are reduced by inhibiting lipolysis. (A to D) Lung sections
with TUNEL staining in control (A), pancreatitis (B), pancreatitis with vehicle (C), and
pancreatitis with orlistat treatment (D) groups showing apoptotic cells. (E) Number of
apoptotic cells in lung sections. (F) Lung myeloperoxidase in control animals (Con) and
animals with pancreatitis (IL), pancreatitis with vehicle (IL + Veh), and orlistat treatment
(IL + Orli). Dotted lines depict means. The whiskers indicate the 5th and 95th percentile,
with the dots above and below plots indicating values outside this range. P values are shown

below.
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Table 1

Autopsy cases (50 controls and 24 AP cases). Values shown are means + SD. There was no significant
difference between the two groups.

Controls (n =50) AP (n=24) P

Age (years) 64+ 16 59+15 0.221
Sex (female:male) 23:27 6:18 0.126
BMI 30.2+8.1 333485 0.130
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