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Abstract

BACKGROUND AND AIMS: Animal data show that the presence of an oncogenic Kras
mutation in pancreatic acinar cells leads to acinar-to-ductal metaplasia (ADM), pancreatic
intraepithelial neoplasia (PanIN), and pancreatic ductal adenocarcinoma (PDAC). Inflammatory
macrophages play an important role in the formation of ADMs and transition to PanINs.
Epidemiologically, statins are associated with a reduced risk of PDAC. We investigated whether
statins inhibit inflammatory cytokine production in macrophages and whether this leads to reduced
ADM formation.

METHODS: The efficacy of statins on inflammatory cytokine production in 2 macrophage cell
lines was measured by real-time polymerase chain reaction and enzyme-linked immunosorbent
assay. The effect of macrophage-conditioned medium on ADM in primary pancreatic acinar
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cells was investigated. Mouse pancreatic tissue samples were analyzed for macrophage numbers,
cytokine levels, and neoplastic/dysplastic area.

RESULTS: Lipophilic statins prevented inflammatory cytokine production in Raw264.7 and
J774A.1 cells stimulated by lipopolysaccharide. The inhibitory effect of statins was mediated by
inhibition of mevalonate and geranylgeranyl pyrophosphate synthesis and disruption of the actin
cytoskeleton but not by a reduction in intracellular cholesterol. Treatment of macrophages with
lipophilic statins also blocked ADM formation of primary pancreatic acinar cells. Furthermore,
oral administration of simvastatin was associated with a reduction in the number of intrapancreatic
macrophages, decreased inflammatory cytokine levels in the pancreas, and attenuated ADM/PanIN
formation in mice.

CONCLUSION: Our data support the hypothesis that statins oppose early PDAC development
by their effects on macrophages and ADM formation. The inhibitory actions of statins on
macrophages may collaborate with direct inhibitory effects on transformed pancreatic epithelial
cells, which cumulatively may reduce early PDAC development and progression.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most deadly malignancies
with an overall 5-year survival of around 9%.1 Even though substantial progress has been
made in surgical outcomes of a small proportion of patients with resectable disease as well
as in understanding driving genetic alterations and oncogenic signaling networks, targeted
molecular therapy offers only a marginal survival benefit. Increasing efforts should be
directed toward attempts to prevent PDAC or halt the progression of precursor lesions to
invasive disease (interception).2 This is particularly important as the incidence and mortality
of PDAC is expected to rise,3 which may be caused largely or at least partially due to the
high and rising prevalence of obesity in US adults and children.*

Acinar-to-ductal metaplasia (ADM) in the pancreas is often seen as a response to pancreatic
inflammation, for example, during pancreatitis, but is usually reversible once the triggering
stressor subsides.>:6 However, in the additional presence of an oncogenic K7as in pancreatic
acinar cells, ADMs persist and may progress to pancreatic intraepithelial neoplasias
(PanINs),8 recognized neoplastic precursor lesions of PDAC. Experimental animal studies
have shown that proinflammatory M1 macrophages are instrumental and indispensable

for ADM formation.”*8 In this context, pancreatic acinar cells that express oncogenic

Kras attract M1 macrophages to induce local inflammation. Once in the pancreatic
microenvironment, M1 macrophages accelerate acinar cell trans-differentiation through the
secretion of proinflammatory cytokines. Depletion or inhibition of macrophages by different
approaches has been shown to prevent pancreatic inflammation and formation of ADM and
subsequent PanIN lesions.® In contrast, in more advanced stages of PDAC development, that
is, PanIN-3 and invasive cancers, macrophages exhibit generally immune-suppressive, and
hence protumorigenic, properties.®
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Several epidemiologic studies have shown that statins, Food and Drug Administration-
approved drugs to treat hypercholesterolemia, are associated with a reduced risk of
PDAC,10-13 3 notion that is supported by preclinical genetically engineered animal
studies.1-17 We have previously reported that diet-induced obesity (D1O) was associated
with enhanced pancreatic inflammation and PDAC development in the KrasG12D,p48-Cre
(KC) mouse model.1819 In a subsequent study, we demonstrated that statins attenuated
pancreatic inflammation and PanIN progression in KC mice.20 Importantly, statins greatly
reversed the pancreatic acinar cell loss seen in the pancreas of obese KC mice, suggesting
an inhibitory effect on ADM formation. It is conceivable that statins elicit their beneficial
effects on PDAC development by direct effects on transformed pancreatic epithelial cells,
as shown by us previously,2% and by inhibiting inflammatory cytokine production by
macrophages resulting in reduced ADM formation.

We now report that statins inhibit proinflammatory cytokine production in murine
macrophages in cell culture models through inhibition of the mevalonate pathway,
reduction of downstream geranylgeranyl-pyrophosphate (GG-PP), and disruption of actin
cytoskeleton. This was associated with a reduction in intrapancreatic macrophages and
cytokine levels, which correlated to a decrease in metaplastic/neoplastic lesions in the
pancreas of KC mice treated with statins, and inhibition of ADM formation of primary
pancreatic acinar cells.

Lipophilic Statins Inhibit Lipopolysaccharide-Induced Production of Interleukin-6 in
Macrophages

To determine whether statins inhibit proinflammatory cytokine production in macrophages,
we used the murine macrophage/monocyte cell lines Raw264.7 and J774A.1. Initially,
Raw264.7 macrophages were exposed to different concentrations of lipopolysaccharide
(LPS) (10, 50, 100 ng/mL) for 3, 6, or 24 hours and interleukin-6 (IL-6) and tumor necrosis
factor-a (TNF-a) mRNAs were measured by real-time polymerase chain reaction (PCR).
LPS dose-dependently increased IL-6 and TNF-a mRNA levels reaching peak values at

6 hours at all concentrations tested (Figure Al). Crucially, treatment of either Raw264.7

or J774A.1 cells with the lipophilic statins cerivastatin, simvastatin, and fluvastatin dose-
dependently (0-2 1M) attenuated the increase in IL-6 transcript levels induced by LPS
(Figure 1A and B). In Raw264.7 cells, IL-6 mRNA levels were reduced to 12 + 2%, 35 +
5%, and 31 + 9% with 0.5-zm cerivastatin, simvastatin, and fluvastatin, respectively (Figure
1A). In J774A.1 cells, cerivastatin, simvastatin, and fluvastatin at 0.1 /M reduced IL-6
MRNA levels to 19 + 9%, 30 + 7%, and 27 + 8%, respectively (Figure 1B). In sharp contrast
to the lipophilic statins, the hydrophilic pravastatin did not reduce LPS-stimulated IL-6
production in both cell lines, even at 20 M, the highest concentration tested (Figure 1C).
Furthermore, exposure of Raw264.7 macrophages to 100-ng/mL LPS for 6 hours increased
IL-6 and TNF-a protein levels, which was inhibited by 0.5-£M cerivastatin (Figure 1D).

In addition, using the Mouse Innate and Adaptive Immune Reponses RT2 Profiler Kit PCR
Array containing primer assays for 84 genes, we found that cerivastatin (0.5 £M) decreased
the expression of multiple genes, including IL-6, TNF-a, IL-1a, IL-18, and CCL5/Rantes
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in Raw264.7 cells exposed to LPS (100 ng/mL) for 6 hours (Table Al). Together, these
data demonstrate that lipophilic statins prevent LPS-induced proinflammatory cytokine
production in macrophages.

Statins Inhibit LPS-Induced IL-6 Production in Macrophages by Inhibiting the Mevalonate
but not the Squalene-Cholesterol Biosynthesis Pathway

Having shown that statins decrease the expression of multiple genes in LPS-stimulated
Raw264.7 cells, we selected I1L-6, which has been suggested to play an important role in
ADM formation,2! for subsequent studies to dissect the underlying mechanisms. Statins are
known inhibitors of 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase, the rate-limiting
enzyme of the mevalonate pathway, which produces cholesterol and other isoprenoids.?2
To investigate the mechanism(s) by which statins inhibit LPS-induced increase of IL-6
expression in macrophages, Raw264.7 cells were exposed to 100-ng/mL LPS and 0.5-xM
cerivastatin for 6 hours either in the absence or presence of mevalonate (125 or 250

4M). As seen in Figure 2A, exogenous mevalonate completely reversed the inhibitory
effects of cerivastatin on LPS-induced IL-6 expression. In contrast, exogenous squalene, an
intermediate in cholesterol biosynthesis generated by squalene synthase, had no significant
effect on reversing the effect of cerivastatin (Figure 2B). Accordingly, YM-53601 (0-2
4M), a squalene synthase inhibitor, also failed to inhibit the LPS-induced increase in IL-6
transcript levels in Raw264.7 cells (Figure 2C). To confirm the notion that the reduction of
intracellular cholesterol biosynthesis by statins does not play a role in the inhibition of IL-6
expression by statins in macrophages stimulated with LPS, we exposed Raw264.7 cells to
100-ng/mL LPS together with the oxidosqualene cyclase inhibitor Ro 48-8071 (0-100 nM),
a potent inhibitor of cholesterol biosynthesis. As shown in Figure 2D, Ro 48-8071 at 100
nM did not prevent LPS-induced increase in IL-6 transcript levels in Raw264.7 cells, while
it significantly suppressed (by ~50%) intracellular cholesterol levels at this concentration,
as detected by filipin immunofluorescence staining (Figure 2E). These data indicate that
the inhibition of LPS-induced IL-6 production in macrophages by statins is mediated by
inhibition of mevalonate synthesis but not by a reduction of intracellular cholesterol.

Statins Inhibit LPS-Induced IL-6 Production in Macrophages by Inhibiting the Protein
Prenylation Pathway and Disruption of the Actin Cytoskeleton

Besides leading to cholesterol biosynthesis, the mevalonate pathway also produces farnesyl-
pyrophosphate and GG-PP, important for protein prenylation, a post-translational lipid
modification of proteins (eg, Rho family GTPases) that involves the addition of prenyl
groups, for example, farnesyl or geranylgeranyl, thereby facilitating the attachment to cell
membranes.23 In contrast to squalene, addition of exogenous GG-PP (5 M) to Raw264.7
cells completely reversed the inhibitory effect of cerivastatin on LPS-induced IL-6 transcript
levels (Figure 3A). In addition, GGTI 298, an inhibitor of geranylgeranyl transferase I,
which transfers the geranylgeranyl moiety (from GG-PP) to proteins bearing a CaaX motif,
dose-dependently (0-10 M) inhibited LPS-induced increase of IL-6 transcript levels in
Raw264.7 cells (Figure 3B). Prenylated Rho family GTPases are known to regulate the
organization of the actin cytoskeleton.2* In addition, macrophage elasticity and cellular
shape, determined by the actin cytoskeleton, have been described as critical determinants of
macrophage function, polarization, and inflammatory cytokine production.25 Based on our
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findings that statins inhibited 1L-6 and TNF-a production in LPS-stimulated macrophages,
we determined whether statins disrupt actin cytoskeleton organization in these cells. As
seen in Figure 3C, exposure of LPS-stimulated Raw264.7 cells to cytochalasin D, an

actin polymerization inhibitor, dose-dependently (0-5 M) decreased IL-6 mRNA levels.
Moreover, LPS induced notable morphological changes in Raw264.7 cells, including
elongation of cell shape and formation of filopodia. Treatment with cerivastatin completely
inhibited cell elongation and filopodia formation (Figure 3D). Taken together, our data
demonstrated that statins decreased IL-6 transcript levels in LPS-stimulated macrophages
via reduction/inhibition of GG-PP and disruption of the actin cytoskeleton.

LPS Stimulation of Macrophages Induces ADM Formation in Primary Pancreatic Acinar
Cells Isolated From KC Mice: Inhibition by Statins

The preceding results prompted us to determine whether statins prevent ADM stimulated by
inflammatory macrophages. As a first step, we confirmed ADM formation in primary acinar
cells isolated from KC mice by microscopy and immunofluorescence. As shown in Figure
4A, acinar cell clusters were seen microscopically on day 1, while ductal structures were
readily observed around day 4. Immunofluorescence staining demonstrated the simultaneous
presence of acinar (amylase) and ductal (cytokeratin 19 [CK19]) cell markers in ductal
structures, thereby confirming them as ADM lesions. These results are in agreement with a
previous report showing that inflammatory macrophages stimulate ADM formation.’

To investigate whether the inhibition of inflammatory cytokines by lipophilic statins in
macrophages is sufficient to counteract ADM formation, primary acinar cells from 3-month-
old mice were exposed to the conditioned culture medium of Raw264.7 macrophages treated
with control vehicle, LPS (100 ng/mL), or LPS (100 ng/mL) plus cerivastatin (0.5 xM).

To eliminate any potential direct effects on pancreatic acinar cells of remaining LPS and
cerivastatin in the culture medium, Raw264.7 cells were stimulated with LPS in the absence
or presence of cerivastatin for 2 hours. Then, the medium was replaced by fresh medium
(not containing LPS/cerivastatin) for another 4 hours, which was subsequently used for

the ADM formation assay (Figure 4B). In this 4-hour collection, IL-6 protein levels (as a
representative of inflammatory cytokine production) were increased when Raw264.7 cells
were stimulated by LPS prior, and this increase in IL-6 was prevented by cerivastatin
(Figure 4C). The conditioned medium of LPS-treated Raw264.7 macrophages significantly
increased ADM formation of primary pancreatic acinar cells after 5 days, which was
completely prevented by cerivastatin (Figure 4D). However, 1L-6 exogenously added to the
4-hour collection medium failed to reverse the effects of cerivastatin (Figure A2), suggesting
that the overall inhibitory effect of statins on the expression of multiple cytokines in
macrophages is likely responsible for the prevention of ADM formation. Quantitative PCR
analysis from isolated ADM cells on day 5 demonstrated a significant increase of the ductal
marker CK19 when acinar cells were exposed to the conditioned medium of LPS-treated
macrophages, which again was decreased by cerivastatin (Figure 4E), thus confirming the
data from the microscopic analysis. Taken together, these data clearly demonstrate that
soluble factors released by inflammatory macrophages can stimulate the formation of ADM
lesions and that exposure of macrophages to lipophilic statins can prevent that process.
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Oral Administration of Statins Decreases Intrapancreatic Macrophage Numbers,
Inflammatory Cytokines, and Metaplastic/Neoplastic Lesions in the Conditional KrasG12D
Mouse Model

After having demonstrated that lipophilic statins inhibit macrophage-stimulated ADM
formation ex vivo, we then examined tissue samples from our previous animal study2°

to determine the effects of simvastatin on intrapancreatic macrophage numbers, cytokine
levels, and ADM formation. In that study, we have reported that oral administration of
simvastatin for 3 months decreased the prevalence of PanIN-3 lesions in the KC mouse
model with DIO (n = 14 each for KC + DIO and KC + DIO + simvastatin; female and male
combined), which was histologically associated with reduced pancreatic inflammation.20
Further analysis of the pancreatic specimens in this current study revealed that oral
administration of simvastatin decreased the formation of metaplastic/neoplastic ADM and
PanIN lesions in KC mice. While ADM/PanIN lesions covered about 80% of the pancreas
of KC mice fed the high-fat, high-calorie diet (HFCD) for 3 months, this percentage

was decreased to about 43% in KC mice fed the obesogenic diet and simvastatin (P =
.0026; Figure 5A). This was associated with reduced numbers of intrapancreatic F4/80

+ macrophages as assessed by immunohistochemistry (Figure 5B). Oral administration of
simvastatin reduced the percentage of F4/80 + cells (in relation to all nucleated cells)

from 53% to 40% (P=.0285) as well as the number of F4/80 + cells/mm? pancreas

tissue (3752 vs 2334 cells/mm?; P =.0277) in KC mice fed the HFCD (Figure 5B).

The number of intrapancreatic F4/80 + macrophages correlated thereby to the area of the
pancreas covered in metaplastic/neoplastic lesions (r = 0.8248; £=.0062; Figure 5C).
Furthermore, the pancreatic tissue of KC mice fed the HFCD and simvastatin had reduced
levels of proinflammatory cytokines, including TNF-a and IL-6 (Figure 5D and Table A2).
Immunofluorescence demonstrated that F4/80+;pSTAT1+ M1 macrophages were located
within ADM lesions, while F4/80 +;YM-1 + M2 macrophages were predominantly found
around PanINs (Figure A3), in agreement with a recent report.2% Together, these analyses
suggest that the beneficial effects of simvastatin in attenuating PDAC development2 may
at least in part be mediated by its effects on intrapancreatic macrophages, proinflammatory
cytokine production, and ADM formation, thereby supporting our in vitro data.

Discussion

Expression of oncogenic Kras, which is thought to be the initiating mutation in human
PDAC, in murine pancreatic acinar cells leads to PDAC formation via the ADM-PanIN-
PDAC sequence.?” The importance of M1-like macrophages and macrophage-secreted
inflammatory cytokines in ADM formation has been demonstrated.”-8 Qur previous study
showing reduced acinar cell loss (as a marker of ADM formation) in KC mice with DIO and
treated with simvastatin29 prompted us to speculate that the beneficial effects of statins were
at least partially mediated by their inhibitory effects on macrophage-secreted inflammatory
cytokines.

Our data clearly demonstrated that statins inhibit multiple LPS-stimulated inflammatory
cytokines, for example, IL-1a, IL-1, IL-6, TNF-a, and CCL5/Rantes. We selected
IL-6 to investigate the underlying mechanisms of inhibitory statin action. This inhibitory
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effect in 2 murine macrophage/monocyte cell lines was limited to lipophilic statins, for
example, cerivastatin, simvastatin, and fluvastatin, while the hydrophilic pravastatin failed
to inhibit LPS-induced IL-6 production in macrophages. This may be explained by the

lack of selective carrier-mediated transport system for pravastatin in these cell lines.?8 The
lack of effect of pravastatin (in contrast to lipophilic statins) has also previously been

seen in PDAC cell lines.2% Our data are consistent with the known anti-inflammatory
properties of statins?® and with reports describing a reduction of inflammatory cytokine
production in macrophages.3%-32 Mechanistically, we demonstrated that the inhibitory
effects of statins on LPS-induced IL-6 production in macrophages are mediated by
suppression of mevalonate synthesis. Mevalonate is a precursor for the formation of farnesyl
pyrophosphate, 2 molecules of which are condensed to squalene by squalene synthase.
Squalene is then converted through a multistep process to cholesterol. Our findings indicated
that the inhibitory effect of statins on LPS-induced IL-6 production in macrophages is not
mediated by the reduction of cholesterol. Alternatively, farnesyl pyrophosphate can also

be converted to GG-PP. The transfer of the geranylgeranyl moiety to small Rho GTPases

is important for its subcellular localization and function. In our studies, exogenously

added GG-PP to macrophages reversed the inhibitory effects of statins on LPS-induced
IL-6 production, suggesting that the mechanisms of statin action in macrophages involve
inhibition of protein prenylation. Rho GTPases in turn regulate the actin cytoskeleton. It
has recently been reported that cell shape, regulated by the actin cytoskeleton, modulates
macrophage polarization and cytokine secretion.2> We showed that LPS stimulation
induced cell elongation and filopodia formation in murine macrophages, which was
inhibited by statins. Moreover, an actin polymerization inhibitor reduced LPS-increased
IL-6 production in macrophages, thereby mirroring statin effects. The morphologic changes
in LPS-stimulated macrophages elicited by statins may reflect a shift toward a M2-like
macrophage phenotype.33:34 Together, our in vitro data provide evidence that the inhibitory
effect of lipophilic statins on inflammatory cytokine production by macrophages involves
the inhibition of mevalonate synthesis with a reduction in GG-PP and protein prenylation,
leading to disruption of the actin cytoskeleton.

Furthermore, Rho GTPases and the actin cytoskeleton play an important role in regulating
the subcellular localization and activity of Yes-associated protein (YAP) and WW domain
containing transcription regulator 1 (TAZ), transcriptional coactivators in the Hippo
pathway.3® Since statins are known inhibitors of YAP/TAZ in several cell types,20:36 jt

is conceivable that the inhibitory effect of lipophilic statins on inflammatory cytokine
production by macrophages is mediated by inhibiting YAP and TAZ downstream of Rho
GTPases and actin. This is supported by a recent study which shows that YAP mediates
immune reprogramming in PDAC.37 In another report, YAP/TAZ expression is increased
in inflammatory macrophages, and genetic deletion of YAP/TAZ decreased inflammatory
cytokine production in macrophages.38 Furthermore, genetic deletion of both YAP and TAZ
has been shown to inhibit pancreatic ADM formation in vivo.39 Finally, YAP and TAZ
mediated the effects of statins in transformed breast epithelial cells.36

To test whether the effect of lipophilic statins on inflammatory cytokine production in
macrophages translates into inhibition of ADM formation, we performed an ADM assay
using primary pancreatic acinar cells and the conditioned medium of treated or untreated
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macrophages. We designed our ex vivo ADM assay specifically to eliminate any potential
direct effect of statins on pancreatic acinar cells. Our data demonstrate that soluble factors
from macrophages can elicit ADM formation, which was inhibited by prior exposure of
macrophages to lipophilic statins. The addition of exogenous IL-6, however, failed to

reverse the inhibitory effect of statins on ADM formation. This suggests that the inhibition
of macrophage-elicited ADM formation by statins is mediated by multiple macrophage-
secreted cytokines that are decreased by statins. This is supported by our RT2 Profiler Kit
PCR Array, which detected a reduction in gene expression of multiple cytokines/chemokines
in macrophages treated with statins. To support our data that statins inhibit ADM formation
at least partially by inhibiting inflammatory cytokine production of macrophages, we further
interrogated our tissue samples from a previous study, in which KC mice were treated with
simvastatin.29 Our new findings showed that simvastatin administration was associated with
reduced macrophage numbers and inflammatory cytokine levels in pancreatic tissue samples
of KC mice. Interestingly, the number of intrapancreatic macrophages strongly correlated
with the extent of ADM/PanIN lesions, further suggesting the importance of macrophages to
PDAC development.

Taken together, our data provide evidence that the inhibitory effects of statins in LPS-
induced IL-6 production in macrophages are mediated by the inhibition of mevalonate
synthesis and the downstream pathway that involves GG-PP and the actin cytoskeleton

but not cholesterol. Inhibition of macrophage-secreted inflammatory cytokines by statins
may underlie the observed reduction of pancreatic ADM formation in KC mice. The

effects of statins on macrophages may thereby collaborate with the direct inhibitory effects
on transformed pancreatic epithelial cells, 2% which cumulatively may reduce early PDAC
development and progression. This notion is supported by epidemiologic and clinical studies
that show beneficial effects of statins on lowering PDAC risk!1:13 and improving the
outcome of PDAC patients.40-42

Chemicals and Reagents

LPS was obtained from Invitrogen (Carlsbad, CA). Cerivastatin, simvastatin, fluvastatin,
pravastatin, cytochalasin D, and squalene were from Sigma-Aldrich (St. Louis, MO). GG-
PP, Ro 48-8071, and YM-53601 were purchased from Cayman Chemical (Ann Arbor, MI).
GGTI 298 was purchased from R&D systems (Minneapolis, MN). Mevalonate was from
Santa Cruz (Dallas, TX).

Cells and Culture Conditions

Murine macrophage cell lines Raw264.6 and J774A.1 were obtained from the American
Type Culture Collection (ATCC, Manassas, VA) and cultured in complete Dulbecco
Modified Eagle Medium (DMEM) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and 1% penicillin/streptomycin (100 U/mL) at 37 °C with 10% CO,.
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RNA Extraction and Quantitative RT-PCR

Total RNA was extracted from cells using the Tissue RNA Isolation Mini Kit (Biomiga,
Burton, MI) according to the manufacturer’s instructions. Reverse transcription to generate
cDNA was performed using the iScript Reverse Transcription Supermix (Bio-Rad, Hercules,
CA). Quantitative PCR was performed by using the iTag Universal SYBR Green Supermix
(Bio-Rad). Relative MRNA concentration was normalized to the expression of 18s. Primer
sequences were as follows: IL-6 forward, CTCTGCAAGAGACTTCCATCCA; IL-6 reverse,
GACAGGTCTGTTGGGAGTGG; TNF-a forward, ACCCTCACACTCACAAACCA; TNF-
a reverse, ACAAGGTACAACCCATCGGC.

IL-6 and TNF-a Protein Levels

IL-6 and TNF-a protein levels in the cell culture supernatant were measured using the
Mouse IL-6 and TNF-a enzyme-linked immunosorbent assay kits (RayBiotech, Norcross,
GA), according to the manufacturer’s instructions.

RT2 Profiler Kit PCR Array

RNA was extracted using the PureLink RNA Mini Kit (Thermo Fisher Scientific, Waltham,
MA\). Reverse transcription to generate cDNA was performed using the iScript Reverse
Transcription Supermix (Bio-Rad). The Mouse Innate and Adaptive Immune Reponses RT2
Profiler Kit PCR Array (Qiagen, Germantown, MD) was used to detect 84 genes.

Cholesterol Staining

Intracellular cholesterol was detected by the Cholesterol Cell-Based Detection Assay Kit
(Cayman Chemical) according to manufacturer’s instructions. This assay is based on the
interaction of filipin 111 with unesterified cholesterol, which alters the filipin fluorescence
spectrum. Images were taken with a Nikon Eclipse 90i (Nikon, Tokyo, Japan) equipped with
a 40x objective. Quantification of the intracellular cholesterol levels was accomplished using
Image J software (version 1.51j8; National Institutes of Health, Bethesda, MD).

Actin Staining

Raw264.7 cells were fixed with 3.7% methanol-free formaldehyde, and F-actin formation
in Raw264.7 cells was observed after staining with Alexa Fluor 488 Phalloidin (Thermo
Fisher Scientific) according to manufacturer’s instructions. Images were captured with

an epifluorescence Zeiss (White Plains, NY) Axioskop and a Zeiss (Achroplan 40/.75W)
objective.

Primary Acinar Cell Isolation

Primary pancreatic acinar cells were isolated as published previously.” Briefly, 1 mouse
pancreas from 8- to 12-week-old C57BL/6J male mice was dissociated with collagenase
(Sigma-Aldrich) at a concentration of 2 mg/mL in Krebs/Ringer solution with 0.25 mg/mL
of trypsin inhibitor (Sigma-Aldrich) and 0.5-mM CaCl, and 2% FBS (Thermo Fisher
Scientific) with the pH adjusted to 7.3. Tissue was shaken at 37 °C at 225 rpm. The isolated
pancreatic acinar cell suspension was filtered through a 100-£M strainer, washed twice with
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Hanks’ Balanced Salt Solution, and allowed to incubate in DMEM media overnight for 24
hours in 6-well plates.

Preparation of Conditioned Cell Culture Media.—Two million Raw264.7 cells were
seeded on 10-cm? culture plates and incubated overnight in DMEM media (Thermo Fisher
Scientific) without FBS. The media was replaced 24 hours later containing a control vehicle
or 0.5-uM cerivastatin for another 24 hours, followed by adding new cell culture medium
with LPS (100 ng/mL), LPS (100 ng/mL) plus cerivastatin (0.5 £M), or control vehicle.
Two hours later, all cell culture media replaced with fresh serum-free DMEM media (no
LPS, no cerivastatin). The enriched media was collected after 4 hours, filter-sterilized, and
supplemented with 1% FBS, 2.5-4M dexamethasone (Sigma-Aldrich), and 0.25-mg/mL
trypsin inhibitor (Sigma-Aldrich).

ADM Assay.—The ADM assay was carried out as previously described” with slight
modifications. Briefly, dissociated primary pancreatic acinar cells were resuspended in
DMEM with 1% FBS, 2.5 ¢M of dexamethasone, and 0.25 mg/mL trypsin inhibitor. This
suspension was mixed with a solution containing rat tail collagen (Thermo Fisher Scientific),
10x DMEM, and 0.34 M NaOH. The mixture was poured into 6-well plates, and the
collagen gels were allowed to solidify for 30 minutes. Then the enriched cell culture media
were added on top of the gel. In certain experiments, the enriched medium was spiked

with exogenous IL-6 (PeproTech, Cranbury, NJ) at 2 or 12 ng/mL. The lower concentration
of IL-6 was comparable to the concentration of IL-6 detected in the conditioned medium

of RAW264.7 cells stimulated with LPS (100 ng/mL) for 6 hours. Enriched media were
changed the next day (day 1) and then every 2 days. The total number of ducts per well were
counted manually on day 5 using 10x magnification.

Immunofluorescence.—After duct formation (day 5), cells were fixed with 4%
formaldehyde in phosphate-buffered saline, permeabilized with 0.5% Triton X-100, and
blocked with 10% goat serum. Cells were then incubated with primary antibodies against
amylase (Sigma-Aldrich) or CK19 (Leica Microsystems, Buffalo Grove, IL) at 4 °C
overnight. Secondary antibodies (Invitrogen, Grand Island, NY) were added for 1 hour.
Images were captured using a Nikon Eclipse 90i fluorescent microscope.

Quantitative PCR of ADMs

At the end of the ADM assay (day 5), cells were extracted from the collagen gels as
described.” RNA was extracted according to manufacturer’s instructions with a PureLink
RNA mini kit (Thermo Fisher Scientific). Reverse transcription to generate cDNA was
performed using the iScript Reverse Transcription Supermix (Bio-Rad). Quantitative
PCR was performed by using the iTaq Universal SYBR Green Supermix (Bio-Rad).
Relative mRNA concentration was normalized to the expression of 18s. Mouse primer
sequences were as follows: CK19 forward, CCTCCCGAGATTACAACCACT; CK19
reverse, GGCGAGATTGTCAATCTGT.
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ADM/PanIN Area

Sections of pancreatic tissue (body and tail; female and male mice combined) generated
as described in a previous study2C were stained with hematoxylin and eosin, and the area
covered by ADM and PanINs was quantified by QuPath (version 0.2.1.).43

Immunohistochemistry and Immunofluorescence

Formalin-fixed, paraffin-embedded tissue sections (pancreatic body and tail; female and
male mice combined) were dewaxed with xylene and rehydrated in an ethanol series.
Antigen retrieval was performed in AR9 buffer (Akoya Biosciences, Menlo Park, CA), and
sections were then immersed in blocking/diluent buffer (PerkinElmer, Richmond, CA). For
immunohistochemistry, sections were incubated overnight with primary rat antimouse F4/80
antibody (#MCA497B; Bio-Rad) diluted 1:200 in blocking/diluent buffer. After washing, the
Labelled Polymer-Dako REAL EnVision HRP kit (Agilent Dako, Santa Clara, CA) was then
used to visualize antigen-antibody complexes.

For immunofluorescence, sections were incubated overnight with rat antimouse F4/80
(#MCAA497B; Bio-Rad), rabbit antimouse pSTAT (Tyr701) (#44-376; Thermo Fisher
Scientific), and rabbit antimouse Ym1 (#60130; STEMCELL Technologies, Cambridge,
MA) antibodies (1:200 dilution in blocking buffer). Slides were then counterstained with
multiplexing fluorescence kits from PerkinElmer: Opal 520 Reagent Pack, FITC, Opal 570
Reagent Pack, TRITC, and Opal 650 Reagent Pack, CY5, according to manufacturer’s
instructions. 4”,6-diamidino-2-phenylindole was used for nuclear counterstain. Images were
taken with a Nikon Eclipse 90i.

Tissue IL-6 and TNF-a

Pancreas tissue homogenates from a previous study2? were profiled using the Mouse
Cytokine Array C1000 (RayBiotech) following manufacturer’s instructions. The membrane-
based proteomic array detects the relative levels of 96 cytokines and chemokines. Following
the exposure to horseradish peroxidase, the membranes were imaged using the ChemiDoc
Touch Imaging System (Bio-Rad). The signal intensity was normalized with positive
controls and quantified with the ImageJ software (version 1.51j8).

Statistical Analysis

Data are presented as mean = SD. Differences in the mean of 2 samples were analyzed by an
unpaired t test. Comparisons of more than 2 groups were made by a one-way ANOVA with
post hoc Tukey analysis for pairwise comparisons and comparisons vs control. An a value
of 0.05 was used to determine significant differences. Data were analyzed using GraphPad
Prism 9.1.2 (San Diego, CA).

All authors had access to the study data and had reviewed and approved the final manuscript.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used in this paper:

ADM acinar-to-ductal metaplasia

CK19 cytokeratin 19

DIO diet-induced obesity

GG-PP geranylgeranyl pyrophosphate
HFCD high-fat high-calorie diet

IL-6 interleukin-6

KC KrasG12D;p48-Cre

LPS lipopolysaccharide

PanIN pancreatic intraepithelial neoplasia
PDAC pancreatic ductal adenocarcinoma
TAZ WW domain containing transcription regulator 1
TNF-a tumor necrosis factor-a

YAP Yes-associated protein

References

1. Siegel RL, Miller KD, Fuchs HE, et al. Cancer statistics, 2021. CA Cancer J Clin 2021;71:7-33.
[PubMed: 33433946]

2. Albini A, DeCensi A, Cavalli F, et al. Cancer prevention and interception: a new era for
chemopreventive approaches. Clin Cancer Res 2016;22:4322-4327. [PubMed: 27220959]

3. Rahib L, Smith BD, Aizenberg R, et al. Projecting cancer incidence and deaths to 2030: the
unexpected burden of thyroid, liver, and pancreas cancers in the United States. Cancer Res
2014;74:2913-2921. [PubMed: 24840647]

4. Hales CM, Fryar CD, Carroll MD, et al. Trends in obesity and severe obesity prevalence in
US youth and adults by sex and age, 2007-2008 to 2015-2016. JAMA 2018; 319:1723-1725.
[PubMed: 29570750]

5. Giroux V, Rustgi AK. Metaplasia: tissue injury adaptation and a precursor to the dysplasia-cancer
sequence. Nat Rev Cancer 2017;17:594-604. [PubMed: 28860646]

6. Storz P Acinar cell plasticity and development of pancreatic ductal adenocarcinoma. Nat Rev
Gastroenterol Hepatol 2017;14:296-304. [PubMed: 28270694]

7. Liou GY, Doppler H, Necela B, et al. Macrophage-secreted cytokines drive pancreatic acinar-
to-ductal metaplasia through NF-kappaB and MMPs. J Cell Biol 2013;202:563-577. [PubMed:
23918941]

Gastro Hep Adv. Author manuscript; available in PMC 2022 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ako et al.

Page 13

8. Liou GY, Doppler H, Necela B, et al. Mutant KRAS-induced expression of ICAM-1 in pancreatic

acinar cells causes attraction of macrophages to expedite the formation of precancerous lesions.
Cancer Discov 2015; 5:52—63. [PubMed: 25361845]

9. Kemp SB, Pasca di Magliano M, Crawford HC. Myeloid cell mediated immune suppression in

10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

pancreatic cancer. Cell Mol Gastroenterol Hepatol 2021; 12:1531-1542. [PubMed: 34303882]

. Choi JH, Lee SH, Huh G, et al. The association between use of statin or aspirin and pancreatic

ductal adenocarcinoma: a nested case-control study in a Korean nationwide cohort. Cancer Med
2019; 8:7419-7430. [PubMed: 31637875]

Zhang Y, Liang M, Sun C, et al. Statin use and risk of pancreatic cancer: an updated meta-analysis
of 26 studies. Pancreas 2019;48:142-150. [PubMed: 30640225]

Archibugi L, Piciucchi M, Stigliano S, et al. Exclusive and combined use of statins and aspirin and
the risk of pancreatic cancer: a case-control study. Sci Rep 2017; 7:13024. [PubMed: 29026148]

Walker EJ, Ko AH, Holly EA, et al. Statin use and risk of pancreatic cancer: results from a large,
clinic-based case-control study. Cancer 2015;121:1287-1294. [PubMed: 25649483]

Xu D, Tong X, Sun L, et al. Inhibition of mutant Kras and p53-driven pancreatic carcinogenesis
by atorvastatin: mainly via targeting of the farnesylated DNAJA1 in chaperoning mutant p53. Mol
Carcinog 2019; 58:2052-2064. [PubMed: 31397499]

Fendrich V, Sparn M, Lauth M, et al. Simvastatin delay progression of pancreatic intraepithelial
neoplasia and cancer formation in a genetically engineered mouse model of pancreatic cancer.
Pancreatology 2013; 13:502-507. [PubMed: 24075515]

Liao J, Chung YT, Yang AL, et al. Atorvastatin inhibits pancreatic carcinogenesis and increases
survival in LSL-KrasG12D-LSL-Trp53R172H-Pdx1-Cre mice. Mol Carcinog 2013;52:739-750.
[PubMed: 22549877]

Mohammed A, Qian L, Janakiram NB, et al. Atorvastatin delays progression of pancreatic lesions
to carcinoma by regulating PI3/AKT signaling in p48Cre/+LSL-KrasG12D/+ mice. Int J Cancer
2012;131:1951-1962. [PubMed: 22287227]

Chang HH, Moro A, Takakura K, et al. Incidence of pancreatic cancer is dramatically increased

by a high fat, high calorie diet in KrasG12D mice. PL0oS One 2017;12: e0184455. [PubMed:
28886117]

Dawson DW, Hertzer K, Moro A, et al. High-fat, high-calorie diet promotes early pancreatic
neoplasia in the conditional KrasG12D mouse model. Cancer Prev Res (Phila) 2013;6:1064-1073.
[PubMed: 23943783]

Hao F, Xu Q, Wang J, et al. Lipophilic statins inhibit YAP nuclear localization, co-activator activity
and colony formation in pancreatic cancer cells and prevent the initial stages of pancreatic ductal
adenocarcinoma in KrasG12D mice. PLoS One 2019;14:e0216603. [PubMed: 31100067]

Zhang Y, Yan W, Collins MA, et al. Interleukin-6 is required for pancreatic cancer progression by
promoting MAPK signaling activation and oxidative stress resistance. Cancer Res 2013;73:6359—
6374. [PubMed: 24097820]

Gazzerro P, Proto MC, Gangemi G, et al. Pharmacological actions of statins: a critical appraisal in
the management of cancer. Pharmacol Rev 2012; 64:102-146. [PubMed: 22106090]

Waller DD, Park J, Tsantrizos YS. Inhibition of farnesyl pyrophosphate (FPP) and/or
geranylgeranyl pyrophosphate (GGPP) biosynthesis and its implication in the treatment of cancers.
Crit Rev Biochem Mol Biol 2019; 54:41-60. [PubMed: 30773935]

Sit ST, Manser E. Rho GTPases and their role in organizing the actin cytoskeleton. J Cell Sci 2011,
124:679-683. [PubMed: 21321325]

McWhorter FY, Wang T, Nguyen P, et al. Modulation of macrophage phenotype by cell shape. Proc
Natl Acad Sci U S A 2013;110:17253-17258. [PubMed: 24101477]

Liou GY, Bastea L, Fleming A, et al. The presence of interleukin-13 at pancreatic ADM/

PanIN lesions alters macrophage populations and mediates pancreatic tumorigenesis. Cell Rep
2017;19:1322-1333. [PubMed: 28514653]

Ferreira RMM, Sancho R, Messal HA, et al. Duct- and acinar-derived pancreatic ductal
adenocarcinomas show distinct tumor progression and marker expression. Cell Rep 2017;21:966—
978. [PubMed: 29069604]

Gastro Hep Adv. Author manuscript; available in PMC 2022 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ako et al.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 14

Menter DG, Ramsauer VP, Harirforoosh S, et al. Differential effects of pravastatin and simvastatin
on the growth of tumor cells from different organ sites. PLoS One 2011;6:e28813. [PubMed:
22216116]

Jain MK, Ridker PM. Anti-inflammatory effects of statins: clinical evidence and basic
mechanisms. Nat Rev Drug Discov 2005;4:977-987. [PubMed: 16341063]

Tuomisto TT, Lumivuori H, Kansanen E, et al. Simvastatin has an anti-inflammatory effect on
macrophages via upregulation of an atheroprotective transcription factor, Kruppel-like factor 2.
Cardiovasc Res 2008; 78:175-184. [PubMed: 18192240]

Sakamoto N, Hayashi S, Mukae H, et al. Effect of atorvastatin on PM10-induced cytokine
production by human alveolar macrophages and bronchial epithelial cells. Int J Toxicol
2009;28:17-23. [PubMed: 19482827]

Abe M, Matsuda M, Kobayashi H, et al. Effects of statins on adipose tissue inflammation: their
inhibitory effect on MyD88-independent IRF3/IFN-beta pathway in macrophages. Arterioscler
Thromb Vasc Biol 2008; 28:871-877. [PubMed: 18323514]

Wang Y, Chen Q, Tan Q, et al. Simvastatin accelerates hematoma resolution after intracerebral
hemorrhage in a PPARgamma-dependent manner. Neuropharmacology 2018;128:244-254.
[PubMed: 29054366]

Wang Q, Su YY, Li YQ, et al. Atorvastatin alleviates renal ischemia-reperfusion injury in rats by
promoting M1-M2 transition. Mol Med Rep 2017;15:798-804. [PubMed: 28035383]

Piccolo S, Dupont S, Cordenonsi M. The biology of YAP/TAZ: hippo signaling and beyond.
Physiol Rev 2014; 94:1287-1312. [PubMed: 25287865]

Sorrentino G, Ruggeri N, Specchia V, et al. Metabolic control of YAP and TAZ by the mevalonate
pathway. Nat Cell Biol 2014;16:357-366. [PubMed: 24658687]

Murakami S, Shahbazian D, Surana R, et al. Yes-associated protein mediates immune
reprogramming in pancreatic ductal adenocarcinoma. Oncogene 2017; 36:1232-1244. [PubMed:
27546622]

Mia MM, Cibi DM, Abdul Ghani SAB, et al. YAP/TAZ deficiency reprograms macrophage
phenotype and improves infarct healing and cardiac function after myocardial infarction. PLoS
Biol 2020;18:e3000941. [PubMed: 33264286]

Gruber R, Panayiotou R, Nye E, et al. YAP1 and TAZ control pancreatic cancer initiation in mice
by direct upregulation of JAK-STATS3 signaling. Gastroenterology 2016;151:526-539. [PubMed:
27215660]

Stoer NC, Bouche G, Pantziarka P, et al. Use of non-cancer drugs and survival among patients
with pancreatic adenocarcinoma: a nationwide registry-based study in Norway. Acta Oncol
2021;60:1146-1153. [PubMed: 34338111]

Hamada T, Khalaf N, Yuan C, et al. Prediagnosis use of statins associates with increased survival
times of patients with pancreatic cancer. Clin Gastroenterol Hepatol 2018;16:1300-13006 e3.
[PubMed: 29474971]

Huang BZ, Chang JI, Li E, et al. Influence of statins and cholesterol on mortality among patients
with pancreatic cancer. J Natl Cancer Inst 2016;109.

Bankhead P, Loughrey MB, Fernandez JA, et al. QuPath: open source software for digital
pathology image analysis. Sci Rep 2017;7:16878. [PubMed: 29203879]

Gastro Hep Adv. Author manuscript; available in PMC 2022 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ako et al.

Page 15

120 120

A) 120

80 80 80

40 40 40

IL-6 mRNA levels
(%)

IL-6 mRNA levels
(%)

IL-6 mRNA levels
(%)

0
LPS (100 ng/ml)
Simvastatin (uM)

0
LPS (100 ng/ml) - + + + +
Fluvastatin (uM) - - 01 05 2

0
LPS (100 ng/ml)
Cerivastatin (uM)

B) 120

120 120

80

80 80

e

40

IL-6 mRNA levels
(%)
IL-6 mRNA levels
(%)
IL-6 mRNA levels
(%)

40 40

0
LPS (100 ng/ml)

0 0

Corivastitle Tild LPS (100 ng/ml) -+ o+ o+ 4 LPS (100 ng/ml) -+ + o+ o+
erivastatin (uM) Simvastatin (uM) - - 001005 01 Fluvastatin (uM) - - 001005 01
C) D) 800 dok Kk 80 * =

150

@
=3
=3

60

40

-
o
o

TNF-o (pg/ml)

IL-6 (pg/ml)
»
=3
o

)
=1
=3

20

IL-6 mRNA levels
(%)

IL-6 mRNA levels
(%)

50
[ 0

LPS (100 ng/ml) - + + LPS (100 ng/ml) - + +

Cerivastatin (0.5 uM) - - + Cerivastatin (0.5 uM) - - +

LPS (100 ng/ml) =+ + + + o+ o+ LPS (100 ng/ml)
Pravastatin (uM) = = 01051 5 2 Pravastatin (uM)

Figurel.
(A, B) Cells were pretreated with statins overnight in serum-free medium. Then, Raw264.7

(A) and J774A.1 (B) cells were treated with 100-ng/mL LPS in the absence or presence of
different concentrations of cerivastatin, simvastatin, and fluvastatin for 6 hours. IL-6 mMRNA
levels were measured by real-time qPCR. Real-time PCR data were standardized to cells
treated with LPS only (set to 100%). Data are presented as scatter plots with bars (mean +
SD). Significances indicate comparison to cells treated with LPS only. *P< .05; **P< .01;
***p< .001; ****P< .0001. (C) Cells were pretreated with pravastatin overnight in serum-
free medium. Then, Raw264.7 (left panel) and J774A.1 (right panel) cells were treated with
100 ng/mL LPS in the absence or presence of different concentrations of pravastatin for

6 hours. IL-6 mRNA levels were measured by real-time qPCR. Real-time PCR data were
standardized to cells treated with LPS only (set to 100%). Data are presented as scatter
plots with bars (mean + SD). ns = not significant. (D) Raw264.7 cells were pretreated with
cerivastatin overnight in serum-free medium. Then, cells were treated with 100-ng/mL LPS
in the absence or presence of 0.5-4M cerivastatin for 24 hours, and IL-6 (left panel) and
TNF-a (right panel) protein levels were measured by ELISA. Data are presented as scatter
plots with bars (mean + SD). *P< .05; **P< .01. ELISA, enzyme-linked immunosorbent
assay; qPCR, quantitative polymerase chain reaction.
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Figure2.

(A, B) Raw264.7 cells were pretreated with statins overnight in serum-free medium. Then,
cells were treated with 100-ng/mL LPS in the absence or presence of 0.5-4M cerivastatin
and indicated concentrations of mevalonic acid (A) or squalene (B) for 6 hours. IL-6 mRNA
levels were measured by real-time qPCR. Real-time PCR data were standardized to cells
treated with LPS only (set to 100%). Data are presented as scatter plots with bars (mean *
SD). **P< .01; ****P< .0001; ns = not significant. (C, D) Raw264.7 cells were pretreated
with inhibitors overnight in serum-free medium. Then, cells were treated with 100-ng/mL
LPS in the absence or presence of indicated concentrations of the squalene synthase
inhibitor YM-53601 (YM) (C) or the oxidosqualene cyclase inhibitor Ro 48-8071 (Ro48)
(D) for 6 hours. IL-6 mRNA levels were measured by real-time gPCR. Real-time PCR data
were standardized to cells treated with LPS only (set to 100%). Data are presented as scatter
plots with bars (mean + SD). ns = not significant. (E) Raw264.7 cells were pretreated with
inhibitors overnight in serum-free medium. Then, cells were treated with 100-ng/mL LPS

in the absence or presence of the oxidosqualene cyclase inhibitor Ro 48-8071 (Ro48) at 10
nM for 6 hours and stained with filipin 111 using the Cholesterol Cell-Based Detection Assay
Kit. Representative images are shown. Scale bar, 50 x/m. Fluorescence intensity indicating
intracellular cholesterol levels was quantified in 4 nonoverlapping areas with at least 20 cells
per area using the Image J software (right panel). Average fluorescence intensity is presented
as scatter plots with bars (mean £ SD). **P< .01. qPCR, quantitative polymerase chain
reaction.
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Figure 3.
(A) Raw264.7 cells were pretreated with statins overnight in serum-free medium. Then,

cells were treated with 100-ng/mL LPS in the absence or presence of 0.5-4M cerivastatin
and 5-4M geranylgeranyl pyrophosphate (GGPP) for 6 hours. IL-6 mRNA levels were
measured by real-time gPCR. Real-time PCR data were standardized to cells treated with
LPS only (set to 100%). Data are presented as scatter plots with bars (mean £ SD). ****P<
.0001; ns = not significant. (B, C) Raw264.7 cells were pretreated with inhibitors overnight
in serum-free medium. Then, cells were treated with 100-ng/mL LPS in the absence or
presence of indicated concentrations of the geranylgeranyl transferase inhibitor GGTI 298
(GGTi) (B) or the actin polymerization inhibitor Cytochalasin D (Cyto) (C) for 6 hours. IL-6
MRNA levels were measured by real-time gPCR. Real-time PCR data were standardized

to cells treated with LPS only (set to 100%). Data are presented as scatter plots with bars
(mean £ SD). Significances indicate comparison to cells treated with LPS only. **P< .01;
***xPp< 0001.(D) Raw264.7 cells were pretreated with statins overnight in serum-free
medium. Then, cells were treated without (no LPS) or with 100-ng/mL LPS in the absence
or presence of 0.5-4M or 2-4M cerivastatin (Ceri) for 6 hours and then stained with Alexa
Fluor 488 Phalloidin. Representative images are shown (upper row). Digitally zoomed-in
areas are shown for cells treated with LPS or LPS plus 0.5-4M cerivastatin to clearly show
cell shape and filipodia. Scale bar, 50 zm. gPCR, quantitative polymerase chain reaction.
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Figure 4.

(A) Primary pancreatic acinar cells from KC mice were isolated and seeded in 3D culture

in collagen. Representative structures were photographed under a brightfield microscope on
days 1, 2, and 4 (upper row). Red arrows indicate ductal structures (ADM). Ductal structures
at day 5 were stained with fluorescent antibodies against amylase (acinar cell marker; green)
and CK19 (ductal cell marker; red) (lower row). Hoechst 33342 was used as a nuclear
counterstain. Fluorescent images were merged using Photoshop. Scale bar, 100 ym. (B) A
schematic representation of the experimental design to collect the conditioned medium for
the ADM assay. (C) IL-6 protein levels in the cell culture medium of the 4-hour collection
were measured by ELISA. Data are presented as scatter plots with bars (mean + SD). *P
<.05; ***p<.001; ****P< .0001. (D) Primary pancreatic acinar cells were isolated and
seeded in 3D culture in collagen in 6-well plates. The conditioned cell culture media (CM)
were added on top of the gel. Conditioned media were changed the next day (day 1) and then
every 2 days. The total number of ducts per well were counted manually under a brightfield
microscope on day 5 using 10x magnification. Data are presented as scatter plots with bars
(mean + SD) (left panel). *P< .05; **P< .01. Representative microscopic images are in the
right panel. Scale bar, 100 z/m. (E) Cells from the ADM assay were extracted at day 5, RNA
isolated, and CK19 mRNA levels were measured by real-time gPCR. Real-time PCR data
were standardized to cells treated with control medium (set to 1). Data are presented as fold
increase in scatter plots with bars (mean + SD). *P< .05; **P< .01. ELISA, enzyme-linked
immunesorbent assay; gPCR, quantitative polymerase chain reaction.
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Figureb.
(A) Representative hematoxylin/eosin images from the pancreas of KC mice fed the high-

fat, high-calorie diet (HFCD; upper row) or HFCD plus simvastatin (lower row). The area
of the pancreas (in %; body and tail) covered in ADM/PanINs was quantified using QuPath
(right panel; n = 8 for KC + HFCD and n = 7 for KC + HFCD + simvastatin). Scale

bar, 100 um. Data are presented as scatter plots with bars (mean + SD). **P< .01. (B)
Formalin-fixed, paraffin-embedded sections of the pancreas (body and tail) of KC mice fed
HFCD (n = 4) or HFCD plus simvastatin (n = 5) were stained with antibodies against F4/80.
Representative images in top row. Scale bar, 50 4m. F4/80 positive staining was quantified
using QuPath and presented as % F4/80 positive cells (in relation to all cells) (bottom left
panel) or number of F4/80 positive cells per mm? (bottom right panel). Data are presented
as scatter plots with bars (mean £ SD). *P< .05. (C) Correlation analysis with simple linear
regression and 95% confidence interval of number of F4/80 positive cells per mm?2 and %
area covered in ADM/PanIN using Prim Version 9.1.2. r, Pearson correlation coefficient. (D)
Protein levels of TNF-a (left panel) and IL-6 (right panel) in pancreatic lysates (n = 4 each)
were measured by ELISA. Data were standardized to tissues from mice fed the HFCD (set
to 100%). Data are presented as scatter plots with bars (mean + SD). **P< .01; ***P< .001.
ELISA, enzyme-linked immunosorbent assay.
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