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Abstract

Acute pancreatitis (AP), while most often a mild and self-limiting inflammatory disease, worsens

to a characteristically necrotic severe acute pancreatitis (SAP) in about 20% of cases. Obesity,

affecting more than a third of American adults, is a risk factor for the development of SAP, but the

exact mechanism of this association has not been identified. Coincidental with chronic low-grade

inflammation, activation of the NLRP3 inflammasome increases with obesity. Lean mice

genetically deficient for specific components of the NLRP3 inflammasome are protected from

experimentally-induced AP, indicating a direct involvement of this pathway in AP

pathophysiology. We hypothesized that inhibition of the NLRP3 inflammasome with the

sulfonylurea drug glyburide would reduce disease severity in obese mice with cerulein-induced

SAP. Treatment with glyburide led to significantly reduced relative pancreatic mass and water

content and less pancreatic damage and cell death in genetically obese ob/ob mice with SAP

compared to vehicle-treated obese SAP mice. Glyburide administration in ob/ob mice with

cerulein induced SAP also resulted in significantly reduced serum levels of interleukin-6, lipase

and amylase, and led to lower production of LPS-stimulated IL-1β release in cultured peritoneal

cells, compared to vehicle treated ob/ob mice with SAP. Together, these data indicate involvement

of the NLRP3 inflammasome in obesity-associated SAP, and expose the possible utility of its

inhibition in prevention or treatment of SAP in obese individuals.
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INTRODUCTION

While typically a mild and self limiting disease, approximately 20% of acute pancreatitis

(AP) cases worsen to severe acute pancreatitis (SAP), characterized by pancreatic tissue

necrosis, high morbidity and up to a 20% mortality rate [1–3]. Obesity is an established risk

factor in the progression from AP to SAP, and mortality due to SAP complications [1, 4, 5].

Despite the observed connection between obesity and SAP, the mechanisms of increased AP

severity in the obese continue to remain unknown.

Both genetic and diet-induced obesity (DIO) increase disease severity in multiple AP

models in rodents, including co-administration of IL-12+IL-18, pancreatic duct retrograde

infusion of sodium taurocholate (NaT) and repeated injection of cerulein [2, 6–11]. Former

work by our group demonstrated that, despite differences in physiology between genetically

obese and DIO models, the presence of obesity, rather than leptin/leptin signaling

deficiency, results in SAP [7]. Thus, while not exactly mimicking the pathophysiology of

human obesity, genetically obese rodents provide relevant insight into the

pathophysiological outcomes of SAP.

The nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-containing-3

(NLRP3) inflammasome is an intracellular multimolecular pattern recognition receptor

responsible for the caspase-1 (CASP1)-mediated activation and secretion of the pro-

inflammatory cytokines interleukin (IL)-1β and IL-18 [12–14]. Obesity is associated with a

state of chronic low-grade inflammation and increased circulating inflammatory cytokines,

which are linked to the pathogenesis of obesity-related diseases, such as cardiovascular

disease and type-2 diabetes [15–18]. Coincidental with this chronic inflammation, NLRP3

inflammasome activity is increased in obese individuals, as a result of adipocyte

hypertrophy, hypoxia due to poor vascularization of expanding adipose tissue and necrotic

cell death, leading to reactive oxygen species (ROS) production and the release of free fatty

acids (FFAs) and inflammatory cytokines [19–21].

NLRP3 inflammasome activation has also been implicated in rodent models of AP. Hoque

and colleagues have shown that NLRP3, ASC (apoptosis-associated speck-like protein

containing a CARD; an adaptor molecule in the NLRP3 inflammasome structure) and

CASP1 genes are required for development of pancreatic inflammation in AP in lean rodents

[22]. Moreover, treatment with IL-1 receptor antagonist (IL-1RA) before or during the

initiation of AP reduces pancreatic inflammation and tissue damage. Upstream of IL-1β,

CASP1 inhibition in rats ameliorates disease severity and increases survival in NaT7

induced SAP [23–25]. Thus, blocking IL-1 maturation or activity effectively reduces AP

severity in lean animals.

Glyburide (International Nonproprietary Name: glibenclamide), an antidiabetic sulfonylurea

drug, inhibits NLRP3 inflammasome activation by several stimuli, without affecting the

NLRC4 or NLRP1 inflammasomes [14]. The mechanism of action of glyburide on the

NLRP3 inflammasome is not completely understood, though the drug appears to interfere

with signaling events upstream of the NLRP3 subunit. Specifically, glyburide inhibits the

regulatory subunit of ATP-sensitive potassium channels (KATP) on the cell membrane,
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which prevents a cellular efflux of K+ [14, 26]. As an intracellular drop in K+ (below 70

mM) is known to induce NLRP3 inflammasome activation, inhibition of KATP channels is a

very plausible mechanism of action for glyburide [27]. Glyburide’s inhibitory effect has

largely been documented using in vitro cell culture, but a handful of studies have shown

glyburide to effectively inhibit the NLRP3 inflammasome in vivo as well. For example,

glyburide significantly delays lipopolysaccharide (LPS)-induced lethality, prevents onset of

experimental colitis and reduces the severity of ventilator-induced lung injury in rodents [14,

28, 29]. In human diabetic patients, glyburide is associated with reduced mortality during

meliodosis (caused by the gram negative bacterium Burkholderia pseudomallei), which is

correlated to glyburide’s anti-inflammatory effects [30].

Because the NLRP3 inflammasome is activated in obesity and has been involved in the

pathophysiology of AP in lean mice, we hypothesized this pathway may be mechanistically

involved in the increased AP severity of obesity. We thus used glyburide to inhibit the

NLRP3 inflammasome in lean and genetically obese mice prior to induction of experimental

AP with cerulein, under the expectation that inhibition of the NLRP3 inflammasome would

afford increased protection in obese compared to lean animals.

METHODS

All reagents and chemicals were purchased from Sigma-Aldrich (St. Louis MO) unless

otherwise noted.

Animals

Animal use was conducted in accordance with The Guide for the Care and Use of

Laboratory Animals, all protocols were approved by the Animal Care Committee of the

University of Illinois at Chicago, and all efforts were made to minimize animal suffering

[31]. 8–10 week-old male lean WT and obese ob/ob (B6.V-Lepob/OlaHsd) C57BL/6 mice

were obtained from Harlan Laboratories (Indianapolis, IN). Mice were allowed to

acclimatize to the facility environment for a minimum of 1 week prior to experimentation.

Mice were group-housed (5 mice/cage) in standard shoebox cages with microisolator tops

and corncob bedding in an AAALAC accredited laboratory facility. Food (Harlan Teklad

LM-485 7012 Rodent Diet) and water were available to animals ad libitum at all times. Mice

were maintained in an environmentally controlled room on a 12 h light/dark cycle at a

temperature of 72 (± 2) °F and a humidity of 30 – 70%. All experimental procedures were

performed in a clean, well ventilated laboratory space.

Treatments

Individual WT and ob/ob mice were weight matched and randomized to one of four

treatment groups: Vehicle + PBS, Vehicle + Cerulein , Glyburide + PBS and Glyburide +

Cerulein, for a total of 8 groups (four treatment groups per strain). Glyburide was prepared

for injection as previously [14, 32]. Briefly, Glyburide was dissolved to a final concentration

of 33.3 mg/mL in 2.5% DMSO/97.5% 2-hydroxypropyl-β-cyclodextrin (10%). Mice

received intraperitoneal (IP) injections of either vehicle (v/v) or glyburide (500 mg/kg) at

−13 h, −1 h and 9 h relative to induction of AP (first injection of cerulein, beginning at the
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onset of the light phase of their light-dark cycle). Experimental AP was induced in mice via

eight (8) hourly injections of cerulein (100 μg/kg, or v/v PBS vehicle), as has been

previously established [33]. 10 h after induction of AP, mice were euthanized via lethal dose

of anesthesia and cervical dislocation and tissues and body fluids collected for further

analysis.

Miscellaneous measurements

Blood was collected immediately after euthanasia for serum separation. Immediately

following peritoneal lavage, the peritoneal cavity was opened and pancreas removed. Whole

pancreatic weight was measured to determine relative pancreatic weight (percent body

weight). A portion of the pancreas was weighed before and after drying in a 95 °C oven to

determine its water content as a measure of pancreatic edema. A separate portion of the

pancreas was fixed in formalin, embedded in paraffin, sliced, mounted and stained with

hematoxylin and eosin (H&E) or Terminal deoxynucleotidyl transferase dUTP nick end

labeling (TUNEL) for histological assessment. Histology services were provided by the

Research Resources Center - Research Histology and Tissue Imaging Core at the University

of Illinois at Chicago established with the support of the Vice Chancellor of Research.

Histology sections were scored by a pathologist (RJC) blinded to experimental treatments,

as previously described [2, 7]. Briefly, edema was scored as 0 (absent or rare), 1 (in the

interlobular space), 2 (in the intralobular space), and 3 (severe edema); inflammatory cell

infiltrate was scored as 0 (absent), 1 (mild), 2 (moderate), and 3 (severe); and acinar cell and

intrapancreatic fat necrosis were independently graded as 0 (absent), 1 (focal), 2 (and/or

sublobular), and 3 (and/or lobular). Scores for edema, inflammatory infiltrate, acinar

necrosis and intrapancreatic fat necrosis were analyzed individually, as well as summed

prior to statistical analysis. TUNEL-stained sections were scored by averaging TUNEL

positive cells in 4 randomly selected 200× microscopic fields per sample. Peripancreatic fat

necrosis was scored using an arbitrary scoring system of 0 for absence of fat necrosis or 1

for presence of fat necrosis, and averaging treatment group scores. Serum amylase and

lipase were measured using kits from Teco Diagnostics (Anaheim, CA) and Trinity Biotech

(Jamestown, NY), respectively. Cytokine levels were measured using ELISA kits from

R&D Systems (Minneapolis, MN) or eBioscience (San Diego, CA).

Peritoneal cell LPS stimulation

To assess treatment differences on NLRP3 inflammasome activation, IL-1β release was

measured in LPS-stimulated peritoneal cells collected by lavage immediately following

euthanasia. 5 mL of RPMI 1640 (Gibco, Grand Island, NY), supplemented with 1%

penicillin/streptomycin, were injected into the peritoneal sac, lightly jostled and drawn out

using a sterile syringe and 18 gauge needle. Cells were subsequently washed, counted and

plated at 2.5 × 106 cells/mL in sterile 24-well plates. Cells were then stimulated with LPS

(Escherichia coli O111:B1; 1 μg/mL). After overnight (18 h) incubation, culture

supernatants were collected for assessment of IL-1β release by ELISA.
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Statistical analysis

Data are expressed as mean ± s.e.m. Data were analyzed using SAS 9.2 (SAS Institute, Inc.,

Cary NC). Statistically significant differences between treatment groups were determined by

ANOVA as appropriate. Statistical significance was denoted at P < 0.05 for all comparisons.

RESULTS

Glyburide reduces pancreatic damage in response to cerulein in obese ob/ob mice

As expected, ob/ob mice weighed significantly more than did lean WT mice prior to

experimentation (24.877 ± 0.319 g v. 43.521 ± 0.813 g, WT v. ob/ob, respectively; P <

0.05). The ratio of whole pancreas to-body weight is a common indicator of AP-associated

pancreatic edema, and was used as such in our study. As shown in Figure 1a, WT mice

exhibited a significant increase in relative pancreatic weight over control following AP

induction. Ob/ob mice showed a similar response to AP induction, with a significant

increase in relative pancreatic weight compared to both WT mice with AP as well as ob/ob

controls. While glyburide treatment had no effect on reducing the increase in relative

pancreatic mass over control in WT mice receiving cerulein, glyburide-treated ob/ob mice

showed a significant reduction in pancreatic weight compared to vehicle-treated ob/ob mice

with AP. As an additional measure of pancreatic edema, we estimated water content by

weighing a portion of the pancreas before and after drying in a 95 °C oven. Figure 1b shows

that, compared to all respective treatment groups, ob/ob mice had significantly greater

increase in relative pancreatic water content following AP induction. WT AP showed only a

slight, but non-statistically significant, increase in relative pancreatic water content, which

differs in comparison to the significant increase in relative pancreatic weight over control in

WT AP mice shown in Figure 1a. This difference could be attributed to the fact that the

relative pancreatic weight (Figure 1a) made use of the whole pancreas during analysis, while

only a portion of the pancreas was dried in an oven for determination of relative pancreatic

water content. As WT developed a milder AP than did obese ob/ob mice, it is possible that

not all of the pancreas was affected by cerulein in lean mice, leading to the differences

observed in the two estimations of pancreatic edema. Glyburide treatment in ob/ob mice

with AP significantly reduced pancreatic water content, to a level on par with both lean and

obese non-AP control mice.

Scoring of H&E-stained pancreatic sections revealed significantly greater pancreatic tissue

damage in cerulein-treated ob/ob mice compared to WT mice (Representative H&E stained

pancreatic tissue sections shown in Figure 2a). Individually, histology scores for edema

(Figure 2b), inflammatory infiltrate (Figure 2c), acinar necrosis (Figure 2d) and

intrapancreatic fat necrosis (Figure 2e) generally showed increases in severity of AP-

associated pancreatic damage over their respective controls. Glyburide significantly reduced

scores only for pancreatic inflammatory infiltrate and fat necrosis in ob/ob AP mice (Figure

2c and 2e, respectively), whereas non-significant reductions in edema and acinar necrosis

occurred with glyburide treatment in ob/ob AP mice (Figure 2b and 2d, respectively). Lean

WT mice with AP had increases over their respective PBS-injected controls in all scored

criteria except fat necrosis, but glyburide treatment failed to reduce scores significantly

(Figure 2b-e). To get a broader picture of how the scoring criteria reflected the overall
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pancreatic damage as a whole, individual scores were summed, as we have done in

previously [7]. Summed histology scoring revealed that ob/ob AP mice had significantly

greater pancreatic damage, over both WT AP mice and PBS injected ob/ob control mice

(Figure 2a). Glyburide administration yielded a significant reduction in pancreatic damage

severity in ob/ob mice, to a level comparable to that of WT mice with AP. However, no such

reduction was observed in lean mice with milder AP (Figure 2a). To determine the degree of

pancreatic acinar cell death, TUNEL staining of pancreatic tissue sections was performed

and revealed that both lean and obese mice with AP had increased acinar cell death versus

their respective non-AP controls, and that cerulein-injected ob/ob mice had a higher level of

acinar death compared to WT mice (Figure 2f). Remarkably, injection of glyburide

significantly reduced acinar cell death in ob/ob mice but had no effect in lean animals

(Figure 2f).

Intra- and peri-pancreatic fat necrosis, both hallmarks of SAP [27], were significantly

increased over WT AP and ob/ob PBS-injected control mice in ob/ob mice injected with

cerulein (Figure 2e and Figure 3) [7, 34]. Peripancreatic fat necrosis occurs when pancreatic

enzymes (namely lipase) extravasate from the pancreas and damage surrounding adipose

tissue. Increased AP severity is associated with increased peripancreatic fat necrosis, which

causes saponification of FFAs with calcium, leading to distinct opaque white foci on the

affected adipose tissue [7, 35, 36]. Of note, peripancreatic fat necrosis was observed in

cerulein-treated ob/ob mice, but not other treatment groups (Figure 3). Importantly,

glyburide prevented development of both types of fat necrosis in ob/ob mice (Figure 2e and

Figure 3).

In summary, obese mice developed more severe AP in response to cerulein, with glyburide

restoring pathology to a level comparable to that of lean mice.

Obese mice with AP have elevated serum lipase, amylase and IL-6, which are reduced by
glyburide

Elevation of serum lipase and amylase are used as diagnostic indicators of AP presence [7,

37]. In our experiments, cerulein-injected ob/ob mice exhibited significantly elevated serum

lipase and amylase compared to both lean mice with AP and ob/ob mice without AP (Figure

4a–b). Glyburide dramatically reduced serum levels of both enzymes in ob/ob mice, down to

levels equivalent to those of lean mice (Figure 4a–b). Glyburide also significantly reduced

lipase – though not amylase – levels in lean mice with AP. The magnitude of elevation in

serum IL-6, an indication of the degree of AP severity [10, 38], was markedly increased in

cerulein-injected ob/ob mice compared to all relevant treatment groups, whereas cerulein did

not significantly increase IL-6 in lean mice (Figure 4c). Glyburide significantly reduced

serum IL-6 in ob/ob mice (Figure 4c). Concordant with our histopathological findings,

glyburide’s ability to reduce serum levels of lipase, amylase and IL-6 in obese mice to that

of lean AP animals supports the hypothesis that the NLRP3 inflammasome is a major

contributor to obesity-associated SAP development.
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Glyburide reduces IL-1β release from peritoneal cells

As an indication of glyburide’s ability to inhibit NLRP3 inflammasome activity, peritoneal

cells were collected via lavage for ex vivo culture and LPS stimulation immediately

following sacrifice. LPS was selected as a stimulus since release of IL-1β in response to this

compound is NLRP3-dependent [14, 39]. Figure 5 shows that LPS-stimulated peritoneal

cells from ob/ob mice released significantly more IL-1β than cells from lean mice. As

expected, cells from glyburide-treated mice released lower amounts of IL-1β, particularly in

obese mice. In summary, Figure 5 provides two important pieces of information: first, that

the NLRP3 inflammasome is more active in obese mice, as indicated by a more robust IL-1β

response; and second, that glyburide effectively inhibits the NLRP3 inflammasome, as

evidenced by a significant reduction in IL-1β release. Serum levels of IL-1β, a potential

additional marker of inflammasome activity, were below detection level in all treatment

groups.

DISCUSSION

In agreement with previously reported findings, our results show that, compared to lean

mice, obese ob/ob mice developed more severe cerulein-induced AP pathology, co-

occurring with increased relative pancreatic weight and serum levels of lipase, amylase and

IL-6 [9]. The observed SAP in ob/ob mice not only supports an increasing number of animal

studies demonstrating a connection between obesity and SAP, but also echoes clinical

findings in humans in which obesity is an accepted risk factor for the development of SAP

[1, 2, 7, 9, 40, 41]. Administration of glyburide reduced AP severity in ob/ob mice, while it

had little-to-no effect on the milder AP seen in lean WT mice. While not exactly mimicking

the findings shown by Hoque et al., in which genetic deletion completely ablated NLRP3

inflammasome functionality in NLRP3, ASC and CASP1 knockout mice, our approach is

different in that we pharmacologically inhibited the NLRP3 inflammasome in mice with

functional NLRP3 inflammasome machinery. Glyburide, therefore, may exert its inhibitory

effects and reduced disease severity only in mice with SAP (obese ob/ob in this study),

while having little-to-no utility in mice with milder AP (lean WT in this study). This is the

first study demonstrating that experimental SAP in obese rodents can be mitigated using

glyburide, which has been shown to inhibit the NLRP3 inflammasome.

Histopathology scoring revealed significantly greater cerulein-induced pancreatic tissue

damage in ob/ob than lean mice. Whereas glyburide had little effect in reducing the mild

pancreatic pathology of WT mice, it significantly reduced histology scores in obese mice to

the level of lean mice. Intrapancreatic fat necrosis, in particular, was markedly pronounced

in ob/ob mice with AP compared to all other relevant treatment groups. Complementing the

increased fat necrosis within the pancreas, peripancreatic fat saponification was exclusively

observed in obese mice with SAP, and was eliminated in ob/ob AP mice treated with

glyburide. Peripancreatic fat necrosis leading to saponification is considered an important

factor in the severity of SAP [27, 42]. While previously reported in other models of

experimental AP, ours is the first study to show an obesity-associated occurrence of

cerulein-induced peripancreatic fat saponification, and that glyburide administration led to

its prevention, presumably via inhibition of the NLRP3 inflammasome [2, 7, 43, 44].
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As we expected following induction of cerulein AP, we observed significantly greater

increase in serum levels of lipase and amylase in obese compared to lean AP mice.

Elevations in serum lipase and amylase are generally indicative of AP, and are in accord

with previous studies using cerulein and other experimental AP models [7, 37]. The

magnitude of enzyme increase can vary, however, and is not necessarily indicative of AP

severity [2, 5, 9]. Similar to the relative pancreatic weight and water content findings (Figure

1a and 1b, respectively), glyburide had mixed effects on reducing serum pancreatic enzymes

in WT AP mice, with a reduction in lipase, but not amylase. These results further support

other evidence that lean WT mice in our study have mild cerulein-induced AP, which is

generally unaffected by glyburide administration, indicating minimal involvement of the

NLRP3 inflammasome in its pathophysiology. As with its ability to reduce the observed

histopathological indices of AP severity, glyburide treatment also reduced serum levels of

these pancreatic enzymes in obese mice. In particular, because of its role in digestion of

lipids, the reduction in lipase levels by glyburide may ultimately lead to reduced digestion of

triglycerides to FFAs [27]. Increased FFAs may be a critical determinant of AP severity and

have been shown to exacerbate disease in obese ob/ob mice with IL-12+IL-18-induced SAP

[5]. However, our data show that glyburide treatment in ob/ob AP mice leads to significantly

reduced serum lipase concentrations, indicating that inflammasome activation may occur

upstream of FFA generation. Further studies are needed to determine the individual

contributions of NLRP3 inflammasome activation versus increased FFA in AP severity,

especially within the context of obesity.

At variance with serum amylase and lipase levels, serum IL-6 levels are good predictors of

AP severity [10, 38]. Our findings show that ob/ob mice with AP had significantly greater

serum IL-6 levels than lean AP mice, which was expected based on previous animal and

clinical findings [2, 45]. As IL-6 release is correlated to disease severity in AP, and given

the mild nature of AP in lean mice, we expected to see little, if any, increase in serum IL-6

in lean mice. In obese ob/ob mice, however, the stark and significant increase in serum IL-6

was as we predicted and in support of the histological findings, given the greater severity of

AP in the ob/ob mice. Glyburide significantly reduced serum IL-6 in ob/ob mice with AP,

pointing to the potential important role of the NLRP3 inflammasome in mediating aberrant

release of this cytokine during SAP, likely as a result of increased levels of IL-1β. While not

included as a part of our study, glyburide’s effect on lowering serum IL-6 may lead to a

more rapid resolution of AP, because IL-6 is known to participate in the heightened acute-

phase response and to sustain inflammation during experimental AP [10].

We expected to see a greater concentration of IL-1β released from peritoneal cells of obese

mice, since it had previously been shown that: a) NLRP3 inflammasome activity is

increased in obesity, and b) the NLRP3 inflammasome has a role in the development and

pathology of AP in lean mice [18, 22]. Indeed, following stimulation with LPS, peritoneal

cells from ob/ob mice released a significantly higher concentration of IL-1β than did

peritoneal cells from lean mice. In ob/ob mice, administration of glyburide lead to a

significant reduction in LPS-induced IL-1β release, confirming inhibition of the

inflammasome by glyburide, since release of IL-1β in response to LPS is dependent on

inflammasome activation [46, 47]. We observed a larger-than expected standard error in
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PBS-treated ob/ob mouse IL-1β release in response to LPS stimulation ex-vivo. This likely

occurred due to a limited number of mice used in these treatment groups (n = 3). PBS-

treated control mice were included as negative AP controls in each strain to verify cerulein’s

functionality within each mouse strain, but our principal focus was on glyburide’s effects on

AP severity, so we centered much of our investigation and analyses on lean and obese AP

mice with or without glyburide treatment.

Based on our work and that of others, the aberrant nature of NLRP3 inflammasome activity

during obesity likely plays an important role in the progression from AP to SAP in obese

mice. A steadily increasing volume of work has linked NLRP3 inflammasome activation to

a variety of metabolic danger signals, including ROS, ATP, extracellular calcium,

ceramides, cholesterol crystals, islet amyloid polypeptide and saturated FFAs [19, 46–49].

Although macrophages have been the focus of the majority of NLRP3 inflammasome

research, NLRP3 mRNA expression occurs at low levels in adipocytes as well, indicating

the importance of these cells for future research in the fields of metabolism, inflammation

and disease [21]. Currently, the general consensus is that obese adipocytes and adipose

tissue immune cells, especially macrophages, engage in crosstalk with each other via

adipokines and cytokines, which then initiate NLRP3 inflammasome assembly and

activation, thus leading to a chronic state of low-grade inflammation [19–21]. As the NLRP3

inflammasome is involved in the pathogenesis of AP in lean rodents, it seems reasonable

that the already hyperactive NLRP3 inflammasome of the obese state results in a greater

inflammatory onslaught to the pancreas during AP in obesity, and remains a threat

throughout disease course, as lipase-mediated fat digestion and necrotic cell death generate

additional danger signals, such as saturated FFAs and ATP. On the other hand, the basally

less active NLRP3 inflammasome in lean WT mice has less of an impact on experimental

AP severity. Therefore, while little effect in reducing disease severity was observed in lean

mice, especially compared to obese mice in our study, additional dose-response and time-

response studies will yield greater insight into NLRP3 inflammasome activity in lean AP

mice.

While no direct measurements of the NLRP3 inflammasome itself were conducted in our

study, Lamkanfi et al. have shown that IL-1β production following stimulation of NLRC4 or

NLRP1 inflammasomes with their respective activators (S. typhimurium infection and

anthrax lethal toxin, respectively) is unaffected in the presence of glyburide. This, in

addition to the findings by the same group showing glyburide inhibits the inflammasome

upstream of the NLRP3 subunit (likely through inhibition of KATP channel-mediated efflux

of K+), provides strong evidence that glyburide is indeed specifically inhibiting NLRP3

inflammasome activation [14]. However, further study investigating the potential role of

other inflammasomes (e.g., NLRP6, NLRP12) in AP pathophysiology are warranted, if only

to rule out their involvement.

SPECULATIONS

To conclude, we have shown that pretreatment with the sulfonylurea drug glyburide leads to

reduced severity of cerulein-induced AP in obese ob/ob mice, likely through inhibition of

the NLRP3 inflammasome. Future work to better determine the mechanisms of NLRP3
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inflammasome involvement in AP and SAP is needed, as well as studies designed to

determine whether glyburide has a therapeutic effect on relieving AP severity after disease

induction.
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ABBREVIATIONS IN TEXT/FIGURE LEGENDS

AP Acute pancreatitis

SAP Severe acute pancreatitis

NaT sodium taurocholate

DIO Diet-induced obesity

NLRP3 nucleotide-binding domain, leucine-rich-containing family, pyrin-domain-

containing-3

CASP1 Caspase-1

IL-12 Interleukin-12

IL-18 Interleukin-18

IL-1β Interleukin-1beta

IL-6 Interleukin-6

IL-1RA Interleukin-1 receptor antagonist

ASC apoptosis-associated speck-like protein containing a CARD

ROS Reactive oxygen species

FFA Free fatty acid

LPS Lipopolysaccharide

WT Wild type

DMSO Dimethyl Sulfoxide

H&E hematoxylin and eosin

TUNEL Terminal deoxynucleotidyl transferase dUTP nick end labeling

ELISA Enzyme-Linked Immunosorbent Assay

RPMI Roswell Park Memorial Institute medium

ANOVA Analysis of Variance

CER Cerulein

GLY Glyburide
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PBS Phosphate buffered saline

Veh Vehicle

ATP Adenosine triphosphate

IP Intraperitoneal

KATP ATP-sensitive potassium channels
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BACKGROUND

During acute pancreatitis (AP), obesity is a risk factor for developing severe acute

pancreatitis (SAP). However, the mechanism(s) linking obesity and increased SAP risk

are unknown. Concomitant with chronic inflammation, NLRP3 inflammasome

hyperactivity also occurs during obesity. NLRP3 inflammasome functionality is required

for development of AP in lean mice, indicating its potential role in AP pathophysiology.

TRANSLATIONAL SIGNIFICANCE

We show inhibition of the NLRP3 inflammasome with the sulfonylurea drug glyburide

reduces the severity of experimental AP in genetically obese mice. As this drug is already

approved for use in diabetic patients, our findings indicate glyburide’s therapeutic

potential in human patients with SAP.
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Figure 1. Relative pancreatic weight and water content in lean WT and obese ob/ob mice
following cerulein-induced AP, with or without glyburide treatment
AP was induced in lean WT and obese ob/ob via eight (8) hourly IP injections of cerulein

(CER; 100 μg/kg or PBS (v/v) control) following glyburide (GLY; 500 mg/kg) or vehicle

(Veh; v/v) treatment. (a) Following sacrifice, pancreata were removed and their relative

weight determined as a percentage of total body weight. (b) A portion of each pancreas was

subsequently weighed before and after drying in at 95 °C to determine water content.

Results are expressed as percent control (within respective strains), mean ± s.e.m. n = 3–14

mice per group. *P < 0.05 vs. respective PBS-treated group. #P < 0.05 vs. respective WT

group. ╪P < 0.05 vs. respective glyburide-treated group.
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Figure 2. Pancreatic alterations and cell death in WT and ob/ob mice following cerulein-induced
AP with or without glyburide treatment
AP was induced in lean WT and obese ob/ob mice via eight (8) hourly IP injection of

cerulein (CER; 100 μg/kg or PBS (v/v) control) following glyburide (GLY; 500 mg/kg) or

vehicle (Veh; v/v) treatment. Following sacrifice, pancreata were removed and a portion

fixed in formalin for paraffin embedding, slicing and staining with H&E or TUNEL. (a)

Representative micrographs (200X) of H&E stained pancreatic sections, and summed H&E

scores. (b–e) Individual H&E scores for (b) edema, (c) inflammatory infiltrate, (d) acinar

necrosis and (e) intrapancreatic fat necrosis. (f) Representative micrographs (200X) of

TUNEL stained pancreatic sections, and mean TUNEL scores (see methods section for
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scoring criteria/procedure). Summed H&E (a) results are expressed as total individual scores

for edema, inflammatory infiltrate, acinar cell death and fat necrosis, mean ± s.e.m. n = 3–14

mice per group. Individual H&E score (b–e) results are expressed as mean ± s.e.m. n = 3–14

mice per group. TUNEL (f) results are expressed as mean number of TUNEL positive cells

in 4 scored 200X microscopic fields, mean ± s.e.m. n = 3–5 mice per group. *P < 0.05 vs.

respective PBS-treated group. #P < 0.05 vs. respective WT group. ╪P < 0.05 vs. respective

glyburide-treated group.
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Figure 3. Peripancreatic fat necrosis in ob/ob mice following cerulein-induced AP with or
without glyburide pretreatment
AP was induced in obese ob/ob mice via eight (8) hourly IP injection of cerulein (CER; 100

μg/kg or PBS (v/v) control) following glyburide (GLY; 500 mg/kg) or vehicle (Veh; v/v)

treatment. Following sacrifice, the peritoneal cavity was exposed and presence or absence of

peripancreatic adipose tissue saponification determined. Representative photographs

showing peripancreatic fat saponification (white arrows: representative indication of fat

necrosis), and scores in vehicle treated (left) and glyburide treated ob/ob AP mice. Results

are expressed as scores (presence = 1 or absence = 0), mean ± s.e.m. n = 9 mice per

group. ╪P < 0.05, vs. respective glyburide treated group.
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Figure 4. Serum levels of pancreatic enzymes and IL-6 in WT and ob/ob mice following cerulein-
induced AP with or without glyburide treatment
AP was induced in lean WT and obese ob/ob mice via eight (8) hourly IP injection of

cerulein (CER; 100 μg/kg or PBS (v/v) control) following glyburide (GLY; 500 mg/kg) or

vehicle (Veh; v/v) treatment. Following sacrifice, blood was drawn for serum separation and

analysis of (a) serum lipase, (b) serum amylase and (c) serum IL-6 levels. Results are

expressed as mean ± s.e.m. n = 3–14 mice per group. *P < 0.05 vs. respective PBS-treated

group. #P < 0.05 vs. respective WT group. ╪P < 0.05 vs. respective glyburide-treated group.
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Figure 5. LPS-stimulated IL-1β production by ex vivo peritoneal cells from WT and ob/ob mice
following cerulein-induced AP with or without glyburide treatment
AP was induced in lean WT and obese ob/ob mice via eight (8) hourly IP injection of

cerulein (CER; 100 μg/kg or PBS (v/v) control) following glyburide (GLY; 500 mg/kg) or

vehicle (Veh; v/v) treatment. Following sacrifice, peritoneal cells were collected via lavage,

washed, plated, stimulated with LPS (1 μg/mL) and incubated overnight. Supernatents were

collected for analysis of IL-1β concentration by ELISA. Results are expressed as mean ±

s.e.m. n = 3–14 mice per group. #P < 0.05 vs. respective WT group. ╪P < 0.05 vs.

respective glyburide treated group.
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