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Background and Purpose: Acute pancreatitis (AP) is a common acute abdominal con-

dition, frequently associated with intestinal barrier dysfunction, which aggravates AP

retroactively. Butyrate exhibits anti-inflammatory effects in a variety of inflammatory

diseases. However, its potential beneficial effect on AP and the underlying mecha-

nisms have not been investigated.

Experimental Approach: Experimental AP was induced by caerulein hyperstimulation

in wild-type and GPR109A−/− mice. Sodium butyrate was administered

intragastrically for 7 days prior to caerulein hyperstimulation. Anti-inflammatory

mechanisms of butyrate were further investigated in peritoneal macrophages.

Key Results: Butyrate prophylaxis attenuated AP as shown by reduced serum amy-

lase and lipase levels, pancreatic oedema, myeloperoxidase activity, and improved

pancreatic morphology. Amelioration of pancreatic damage by butyrate was associ-

ated with reduced levels of TNF-α, IL-6, and CCL2 and suppressed activation of the

NLRP3 inflammasome in both pancreas and colon. Further, butyrate ameliorated pan-

creatic inflammation by suppressing interactions between histone deacetylase

1 (HDAC1) and AP1 and STAT1 with increased histone acetylation at H3K9, H3K14,

H3K18, and H3K27 loci, resulting in suppression of NLRP3 inflammasome activation

and modulation of immune cell infiltration in pancreas. Additionally, butyrate medi-

ated STAT1/AP1-NLRP3 inflammasome suppression via HDAC1 inhibition was dem-

onstrated in peritoneal macrophage. In colon, butyrate inhibited NLRP3

inflammasome activation via GPR109A. Accordingly, the modulatory effects of buty-

rate on AP, AP-associated gut dysfunction, and NLRP3 inflammasome activation

were diminished in GPR109A−/− mice.

Conclusion and Implications: Our study dissected tissue-specific anti-inflammatory

mechanisms of butyrate during AP, suggesting that increased colonic levels of buty-

rate may be a strategy to protect against AP.

Abbreviations: AP, acute pancreatitis; AP1, activator protein 1; CAE, caerulein; Co-IP, co-immunoprecipitation; DAO, diamine oxidase; HDAC, histone deacetylase; MPO, myeloperoxidase;

NLRP3, nucleotide-binding domain leucine-rich repeat containing family, pyrin domain-containing 3.
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1 | INTRODUCTION

Acute pancreatitis (AP) is an inflammatory condition of pancreas char-

acterized by acute abdominal pain and elevation of serum pancreatic

enzymes, resulting in necrosis of pancreatic acinar cell and multiorgan

dysfunction. The annual global incidence of AP ranges from 13 to

45 cases per 100,000 population with the estimate of 33.74 cases per

100,000 population (Xiao et al., 2016), and the mortality rate is up to

10–15% (Uhl et al., 2002). Although its aetiology remains elusive,

accumulated evidence has linked AP to inflammation of acinar cells,

infiltration by innate immune cells, and derived inflammatory media-

tors (Watanabe, Kudo, & Strober, 2017; Zhang, Xue, Jaffee, &

Habtezion, 2013). During the early stages of AP, injured acinar cells

produce cytokines such as TNF-α, IL-1β, and IL-6 and chemokines

such as CCL2 to initiate inflammatory responses (Rodriguez-Nicolas

et al., 2018). Following acinar cell damage and release of inflammatory

cytokines and chemokines, neutrophils and pro-inflammatory macro-

phages, as the first responder cells, are recruited to the injury site

and contribute to propagation of inflammatory responses and pro-

gression to severe AP (Sendler et al., 2013). Moreover, intestinal dys-

function and inflammation secondary to local pancreatic inflammation

aggravate AP retroactively and is a key target to prevent

systemic complications of AP (He et al., 2017). Therefore, modulation

of pancreatic immune inflammatory responses and/or maintenance of

gut homeostasis represent promising therapeutic approaches to

alleviate AP.

Butyrate is a short-chain fatty acid produced from the fermenta-

tion of dietary fibres by intestinal microbiota (Koh, De Vadder,

Kovatcheva-Datchary, & Bäckhed, 2016). Accumulating evidence

has suggested that butyrate has profound effects on gut health,

by suppressing intestinal inflammation and maintaining intestinal

homeostasis, which is mediated by two GPCRs, GPR41 (FFA3 recep-

tor) and GPR109A (HCA2 receptor; Singh et al., 2014). On the

other hand, butyrate, acting as an inhibitor of histone deacetylases

(HDACs), suppressed the expression of pro-inflammatory

cytokines by macrophages (Chang, Hao, Offermanns, & Medzhitov,

2014), neutrophils (Vinolo et al., 2011), and dendritic cells (Arpaia

et al., 2013) and also facilitates regulatory T cell generation (Arpaia

et al., 2013) and M2 macrophage polarization (Ji et al., 2016). With

these anti-inflammatory effects, butyrate has been evaluated in

inflammatory intestinal diseases including ulcerative colitis (Vieira

et al., 2012) and Crohn's disease (Laserna-Mendieta et al., 2018) and

non-intestinal diseases such as Type 1 diabetes (Guo et al., 2018),

mastitis (Wang et al., 2017), and neuro-inflammation (Yamawaki et al.,

2018). However, the beneficial effect of butyrate on AP remains to be

explored.

Here, we evaluated the protective effect of butyrate on

caerulein-induced experimental AP in a mouse model. In particular,

we examined the regulatory effects of butyrate on immune cell infil-

tration and activation, NLRP3 inflammasome activation, and inflam-

matory signalling molecules key to AP in both pancreas and colon.

Receptor-mediated or HDAC inhibitory mechanisms were further

explored to gain insights into theanti-inflammatory action of but-

yratein modulating the progression of AP.

2 | METHODS

2.1 | Animals

All animal care and experimental procedures complied with the proto-

cols approved by the Institutional Animal Ethics Committee of

Jiangnan University (JN. No 20150301-0229). Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010; McGrath & Lilley, 2015).

GPR109A−/− mice (RRID:IMSR_MUGEN:M193050) were generated

by Shanghai Biomodel Organism Science & Technology Development

Co., Ltd. (Shanghai, China) and crossed for more than 10 generations

to a C57BL/6 background. BALB/c (RRID:IMSR_JAX:000651) or

C57BL/6 (RRID:IMSR_JAX:000664) female mice (7–8 weeks old

weighing 20 ± 2 g) were purchased from Su Pu Si Biotechnology

Co. Ltd. (Suzhou, Jiangsu, China). Mice were housed in specific

pathogen-free environment at the Animals Housing Unit of Jiangnan

University (Wuxi, Jiangsu, China) with controlled temperature

(24 ± 1�C) and 12-hr light–dark cycle and had free access to water

and standard chow (AIN93G).

2.2 | Experimental design and animal treatments

In the present study, animals were assigned to different experimental

groups of equal size in a blinded and random fashion according to the

What is already known

• Acute pancreatitis is associated with intestinal barrier

dysfunction, which aggravates acute pancreatitis

retroactively.

• Butyrate possesses immunomodulatory properties; how-

ever, its efficacy in acute pancreatitis has not been

investigated.

What this study adds

• Oral administration of butyrate ameliorated acute pancre-

atitis and associated intestinal injury, in a mouse model.

• Butyrate attenuated acute pancreatitis by inhibiting his-

tone deacetylase 1 in pancreas and activating GPR109A

in colon.

What is the clinical significance

• Increased colonic levels of butyrate represents a novel

strategy to protect against acute pancreatitis.
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guidelines of the BJP. Caerulein hyperstimulation in mice was used

to induce experimental AP, as this is the most common model

(Gorelick & Lerch, 2017; He et al., 2017; Pan, Li, Shamoon, Bhatia, &

Sun, 2017). BALB/c mice were divided randomly into experimental

groups (n = 8) as follows: PBS-treated control group (CON), caerulein-

induced AP group (CAE), and sodium butyrate-treated groups at a

dose of 50 and 200 mg�kg−1 (SB + CAE). Sodium butyrate (Sigma-

Aldrich, Saint Louis, MO, USA) was administered intragastrically

for 7 days prior to caerulein injection. For the CON and CAE

groups, mice were given equal volumes of PBS for 7 days before the

first caerulein challenge. Then all mice were given hourly intraperito-

neal injection of PBS or PBS-containing caerulein (50 μg�kg−1 body

weight) for 10 hr. One hour after the last caerulein injection,

mice were killed by a lethal dose of pentobarbital sodium (90 mg�kg−1;
Sigma-Aldrich), and plasma, pancreatic and colonic tissue

samples were collected for subsequent histopathology, enzymes and

cytokine assays, immunoblotting, and flow cytometry assays. For the

measurement of butyrate in blood, pancreas, and colon, a separate

experiment with the same treatment design was conducted, where

blood, pancreas, and colon samples were collected at 2 hr after

intragastric administration of butyrate and the first caerulein injection

on Day 7.

In addition, to confirm the potential role of GPR109A on AP

attenuation, wild-type C57BL/6 and GPR109A−/− female mice were

also subjected to caerulein hyperstimulation and sodium butyrate

treatment in another experiment with the same design, that is, wild-

type and GPR109A−/− mice were given sodium butyrate or PBS for

7 days and then given hourly intraperitoneal injection of caerulein for

10 hr to induce AP.

2.3 | Isolation and treatment of primary peritoneal
macrophage

Primary peritoneal macrophages were isolated according to

Maehara et al. (2015). Briefly, mice were anaesthetized with

30 mg�kg−1 of pentabarbitone sodium, and then the peritoneal cavity

was flushed with 5 ml of PBS, and peritoneal lavage fluids were cen-

trifuged at 250 x g for 5 min at 4�C. After centrifugation, the pellet

was resuspended in RMPI 1640 medium (Hyclone Laboratories,

Logan, UT) supplemented with 10% fetal calf serum L-glutamine

(2 mM), glucose (4.5 g�L−1), and HEPES buffer (10 mM), in the pres-

ence of 100 mg�ml−1 streptomycin and 100 U�ml−1 penicillin (PAA).

The cells (2 × 106) were seeded in six-well plates at 37�C under a 5%

CO2 atmosphere for 2 hr and washed twice with PBS. The suspended

cells were then removed and the adherent cells were collected as

peritoneal macrophages. Thereafter, macrophages were cultured with

fresh RPMI 1640 medium in the absence or presence of sodium buty-

rate (5 μM, 100 μM, and 2 mM) for 24 hr and then stimulated with

100 ng�ml−1 LPS (Escherichia coli serotype O111:B4, Sigma) for 6 hr;

then cells were collected for immunoblotting analysis. The time point

(6 hr) for LPS treatment was selected according to preliminary experi-

ments (Figure S1).

2.4 | Butyrate measurement

The concentrations of butyrate in blood, pancreas, and colon were

measured by GC coupled to the MS detector of GCMS-QP2010

(Shimadzu, Japan) as described previously (Sun et al., 2015). Briefly,

whole colonic and pancreatic tissue samples were weighed into

1.5-ml tubes and homogenized with 500 μl of saturated NaCl solution.

Subsequently, samples were deproteinated with 40 μl of 10% sulfuric

acid, and diethyl ether (1 ml) was added to extract butyrate. Samples

were then centrifuged at 14,000 x g for 15 min at 4�C,

and supernatants were used for the analysis of butyrate. Supernatants

of 1 μl were injected into Rtx-WAX capillary column

(30 m × 0.25 mm × 0.25 μm, Bellefonte, PA, USA) installed on the GC

and coupled to the MS detector of GCMS-QP2010 (Shimadzu, Japan).

For serum butyrate measurement, 16 μl of sulfuric acid and 400 μl of

diethyl ether were added to 200 μl of serum samples. Tubes were

vortexed and centrifuged as previously described, and 1 μl was

injected into the gas chromatograph.

To quantify butyrate, a calibration curve for the concentration

range of 0.014–1.135 mM was constructed. Butyrate measurement

was performed following our previous protocol (Sun et al., 2015): The

initial oven temperature was 100�C and increased to 140�C at a rate

of 7.5�C�min−1. The temperature was further increased to 200�C at a

rate of 60�C�min−1 and remained for 3 min. Helium was utilized as the

carrier gas at a flow rate of 0.89 ml�min−1, and the column head pres-

sure was 62.7 kPa. The injector was set at 240�C. The injection mode

was split, and the ratio was 10:1. For mass spectrometer, ion source

temperature was 220�C, interface temperature was 250�C, and the

scan range was from m/z 2 to 100. Real-time analysis software GCMS

Postrun (GCMS solution Version 2.72) was employed to compare the

relative concentrations of butyrate.

2.5 | Measurement of serum diamine oxidase,
amylase, and lipase activities

Fresh blood was collected and centrifuged at 3,000 x g for 15 min at

room temperature. The supernatant was then collected and stored at

−80�C until analysis. Serum diamine oxidase (DAO) activity was

analysed using a commercial kit (A088-1; Jiancheng Bioengineering

Institute, Nanjing, Jiangsu, China). Serum amylase activity was deter-

mined using an iodine-starch colorimetric method by an assay kit

(C016; Jiancheng Bioengineering Institute). Serum lipase activity was

measured using a turbidometric assay (A054-2; Jiancheng Bioengi-

neering Institute).

2.6 | Determination of pancreatic oedema

Pancreatic oedema was quantified by the wet weight to dry weight

ratio. The initial weight of the freshly excised pancreas was defined as

the wet weight. The weight of the same sample after desiccation at

60�C for 72 hr served as the dry weight.
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2.7 | Determination of myeloperoxidase activity in
pancreas

Myeloperoxidase (MPO) activity was evaluated using an MPO assay

kit (A044; Jiancheng Bioengineering Institute) according to the manu-

facturer's protocol as previously described (Sun et al., 2017). Pancre-

atic tissues were homogenized (IKA homogenizer, Staufen, Germany)

in 0.9% saline. Five percent of pancreatic tissue homogenates (200 μl)

and chromogenic reagent (3 ml) were added to a sterile tube, and after

mixing, was incubated in a water bath for 30 min at 37�C. Stop solu-

tion (provided by the assay kit) was added to end the reaction. Absor-

bance was then analysed at 460 nm within 10 min, and MPO

activities are expressed as units per gram tissue.

2.8 | Histopathological examination

Fresh pancreatic and colonic samples were fixed with 4% paraformal-

dehyde overnight, washed with running water for 2 hr, dehydrated

with a gradient of ethanol, and then embedded in paraffin and cut into

5-μm sections. The sections were dewaxed in xylene, hydrated

through upgraded ethanol solutions and stained with haematoxylin

and eosin. Pancreatic and lung damage were assessed under a

DM2000 light microscope (Leica Microsystems GmbH, Wetzlar,

Germany) at 200× magnification.

2.9 | Cytokine assays

ELISA was employed to assay the levels of TNF-α, IL-6, and CCL2 in

the tissues and serum. Specifically, pancreas and colon samples were

homogenized in 20-mM phosphate buffer (pH 7.4) and centrifuged at

10,000 x g for 15 min at 4�C. The supernatants were used for measur-

ing tissue levels of inflammatory mediators. Serum prepared by centri-

fugation of blood samples was used for measuring ciculating levels of

inflammatory mediators.

The TNF-α (MTA00B), IL-6 (M6000B), and MCP-1 (MJE00) levels

in serum and pancreatic and colonic tissues were assayed by ELISAs

using commercially available kits (R&D Systems, Minneapolis, MN,

USA) according to the manufacturer's instructions. Specifically, pan-

creas and colon samples were homogenized in 20-mM phosphate

buffer (pH 7.4) and centrifuged at 10,000 x g for 15 min at 4�C; the

supernatants were collected for measurement of tissue cytokines. The

OD was measured using a spectrophotometer at 450 nm with a cor-

rection wavelength set at 570 nm.

2.10 | Immunoblotting

All immunoblotting procedures and analysis complied with BJP guide-

lines (Alexander et al., 2018). Pancreas and colon samples were

homogenized in ice-cold lysis RIPA buffer (P0013B; Beyotime Bio-

technology, Shanghai, China; containing protease inhibitors and

phosphatase inhibitors) and centrifuged at 10,000 x g for 15 min at

4�C. Protein concentration was quantified using a BCA protein assay

kit (P0010; Beyotime Biotechnology). Equal amounts of protein were

separated by electrophoresis in SDS-PAGEs and then transferred onto

polyvinylidene difluoride membranes (Millipore, USA). The membranes

were blocked with 5% non-fat milk (w/v) in 0.05% Tris-buffered saline

with Tween for 2 hr at room temperature and then incubated with

respective primary antibodies overnight at 4�C. After being washed

with Tris-buffered saline with Tween, the membranes were incubated

with respective secondary antibodies at a dilution of 1:5,000 for 2 hr

at room temperature. Primary antibodies against HDAC1 (Cat#5356S,

1:1,000, RRID:AB_10612242), HDAC2 (Cat#2540S, 1:1,000, RRID:

AB_2116822), HDAC3 (Cat#3949T, 1:1,000, RRID:AB_2118371), Ac-

H3K14 (Cat#7627T, 1:1,000, RRID:AB_10839410), Ac-H3K18

(Cat#9675, 1:2,000, RRID:AB_331550), Ac-H3K27 (Cat#14056;

1:1,000, RRID:AB_2798379), Ac-H3K56 (Cat#4243, 1:1,000, RRID:

AB_10548193), Histone 3 (Cat#14269, 1:1,000, RRID:AB_2756816),

NLRP3 (Cat#15101S, 1:500, RRID:AB_2722591), ASC (Cat#67824S,

1:1,000, RRID:AB_2799736), STAT1 (Cat#14994S, 1:1,000, RRID:

AB_2737027), p-NF-κB p65 (Cat#3033S, 1:1,000, RRID:AB_331284),

and IL-1β (Cat#52718S, 1:1,000, RRID:AB_2799421) were purchased

from Cell Signaling Technology (Boston MA, USA). Antibodies for Ac-

H3K9 (Cat#ab10812, 1:500, RRID:AB_297491), STAT3

(Cat#ab68153, 1:2,000), IL-18 (Cat#ab71495, 1 μg�ml−1, RRID:

AB_1209302), AP1 (Cat#ab32137, 1:2,000, RRID:AB_731608), p-AP1

(Cat#ab32385, 1:5,000, RRID:AB_726900), NF-κB p65 (Cat#ab16502,

0.5 μg�ml−1, RRID:AB_2224674), p-STAT1 (Cat#ab109461, 1:5,000,

RRID:AB_10863745), and p-STAT3 (Cat#ab76315, 1:10,000, RRID:

AB_1658549) were purchased from Abcam (Cambridge, MA, USA).

Antibodies against Caspase-1 p20 (Cat#sc-398715, 1:500) and

GAPDH (Cat#sc-32233, 1:5,000, RRID:AB_627679) were

purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-

bodies for GPR41 (Cat#BS5750, 1:500) and GPR109A (Cat#BS2605,

1:500) were purchased from Bioworld Technology (Louis

Park, MN, USA). The proteins were visualized by Plus-enhanced

chemiluminescence using FluorChem FC3 (ProteinSimple, CA, USA).

The densitometric analyses of protein expression by immunoblotting

were performed by AlphaView Software (ProteinSimple). GAPDH

was adopted as internal standard to control for unwanted sources of

variation, and relative protein expression values were expressed as

“fold mean of the controls” by comparing to the corresponding

control value, and the control value was normalized to 1.0.

2.11 | Co-immunoprecipitation

Whole-cell lysates were prepared using a RIPA buffer (Beyotime,

Shanghai) containing protease and phosphatase inhibitors followed by

15 min centrifugation at 10, 000 x g at 4�C. For co-

immunoprecipitation (Co-IP), 200 μg of the crude whole-cell extract

was incubated with 2 μg of anti-HDAC1 (Santa Cruz Biotechnology)

at 4�C overnight. Then 20 μl of prewashed protein A/G agarose
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(Santa Cruz Biotechnology) was added to the mixture and incubated

at 4�C for 3 hr with gentle agitation. After extensive washing with

RIPA buffer, HDAC1-interacting proteins were eluted with SDS buffer

and analysed by immunoblotting.

2.12 | Flow cytometry

Freshly excised pancreatic tissues were digested in 0.75 mg�ml−1

collagenase-P solution (Roche Basel, Switzerland) at 37�C for 15 min.

The digested pancreatic pieces were subsequently dissociated with

gentle MACS Dissociator (Miltenyi Biotecnology, Bergisch Gladbach,

NRW, Germany) and filtered through 75-μm filter screens with PBS

immediately. Single cell suspensions were stained with several mono-

clonal antibodies for 15 min at room temperature. For neutrophil

determination, cells were surface stained with PE/Cy7 anti-mouse

CD45, Alexa Fluor 488 anti-mouse F4/80, Brilliant Violet 421 anti-

mouse/human CD11b, and Alexa Fluor 647 anti-mouse Ly6G from

BioLegend (San Diego, CA, USA). For macrophages, cells were fixed

and permeabilized by employed Cell Fixation & Permeabilization Kit

after surface stained with anti-CD45, anti-CD11b, and anti-F4/80

and subsequently stained with PE anti-mouse CD206 (BioLegend).

Stained cells were analysed on Attune NxT (Thermo Fisher Scientific,

Waltham, MA, USA).

2.13 | Data and statistical analysis

The data and statistical analysis comply with the recommendations on

experimental design and analysis in pharmacology (Curtis et al., 2018).

All data were analysed blindly using GraphPad Prism 7 software

(RRID:SCR_002798; San Diego, CA, USA), and data are shown as

mean ± SEM. For immunoblotting, data were normalized to the mean

values of the control group to reduce unwanted sources of variation.

The group size for data subjected to statistical analysis was n ≥ 6,

where n is the number of mice in each group or the number of sepa-

rate experiments (in vitro), and statistical analysis was done using

these biological replicates. The distribution of the data was tested

with the Shapiro–Wilk normality test. Outliers were tested using

Grubb's test. Homogeneity of the variances was checked by Levene's

test. Statistical significance between groups was evaluated with one-

way ANOVA followed by Tukey's post hoc test. For all one-way

ANOVAs, post hoc tests were run only if F achieved P < .05 and there

was no significant variance inhomogeneity. For preliminary immuno-

blotting data in Figure S1 for selecting the optimal time point, no sta-

tistical analysis was performed owing to group size of n < 5. Statistical

significance was set at P < .05.

2.14 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

archived in the Concise Guide to PHARMACOLOGY 2017/18

(Alexander, Christopoulos et al., 2017; Alexander, Fabbro et al., 2017;

Alexander, Kelly et al., 2017).

3 | RESULTS

3.1 | Butyrate prophylaxis mitigates the
severity of AP

We have examined the effects of butyrate on the most widely used

model of AP, induced by caerulein hyperstimulation in mice. Compared

with untreated mice with AP, pre-treatment with sodium butyrate

(200 mg�kg−1 ) clearly decreased the severity of AP, as shown by

reduced serum amylase and lipase activities, pancreatic oedema,

and pancreatic MPO activities (Figure 1a–d), along with reduction of

AP-associated lung injury (Figure S2). Histological examination of pan-

creatic tissues further confirmed a protective effect of sodium buty-

rate at this dose, shown by improved cellular morphology, pancreatic

oedema, reduced inflammatory cell infiltration, and acinar necrosis

(Figure 1e). The pro-inflammatory cytokine production is an early

pathological feature of AP, and sodium butyrate reduced AP-caused

increases in pancreatic TNF-α, CCL2, and IL-6 levels (Figure 1f). Fur-

ther GC–MS measurements found that mice treated with 200 mg�kg−1
sodium butyrate had measurable butyrate levels in colon

(0.65 μmol�g−1), serum (99.76 μM), and pancreas (0.16 μmol�g−1), all
significantly higher than those in the CON and CAE groups (Figure 1g).

3.2 | Butyrate modulates innate immune cell
responses during AP

The dysregulated infiltration of innate immune cells, including neutro-

phils and macrophages, are key pathophysiological agents in AP

development. Therefore, we determined the proportion of neutrophils

(CD45+CD11b+Ly6G+) and of macrophages (CD45+CD11b+F4/80+)

in pancreas of AP mice. As shown in Figure 2, AP induction was

accompanied by robust increases of infiltrating macrophages

(Figure 2a) and neutrophils (Figure 2c). Treatment with sodium buty-

rate decreased the total number of macrophages in pancreas

(Figure 2a) and promoted macrophage polarization to the anti-

inflammatory M2 macrophages (CD45+CD11b+F4/80+CD206+;

Figure 2b). In addition, sodium butyrate markedly attenuated the infil-

tration of neutrophils in pancreas (Figure 2c).

3.3 | Butyrate attenuates AP-associated intestinal
injury

The dysregulated gut homeostasis, marked by intestinal damage and

inflammation, further aggravates AP. Next, we evaluated whether
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pre-treatment with sodium butyrate maintained intestinal homeosta-

sis and thus attenuated AP development. Histological examination of

colonic tissue revealed that sodium butyrate reversed the reduction

of colonic villus length during AP induction (Figure 3a,b). In addition,

butyrate ameliorated AP-associated intestinal inflammation and injury

as shown by the reduced levels of intestinal pro-inflammatory cyto-

kines, including TNF-α, CCL2, and IL-6 (Figure 3c). Meanwhile, buty-

rate improved gut barrier function, as shown by the lower levels of

serum DAO, compared with those in AP mice (Figure 3d).

3.4 | Butyrate decreases pancreatic and colonic
NLRP3 inflammasome activation

The NLRP3 inflammasome is an intracellular multiprotein complex

triggering inflammatory responses. Next, we assessed the effect of

sodium butyrate on the activation of NLRP3 inflammasome in

pancreas and colon. As shown in Figure 4, caerulein stimulated

the expression of NLRP3, ASC, caspase-1 (p20), and its

downstream cytokines cleaved-IL-1β and cleaved-IL-18 in both

F IGURE 1 Prophylactic treatment with oral butyrate mitigates the severity of AP. Mice were challenged with PBS (CON), caerulein (CAE), or
50 and 200 mg�kg−1 sodium butyrate combined with caerulein (SB + CAE). Levels of serum amylase (a) and lipase (b), pancreatic oedema (c), and
myeloperoxidase (MPO) activity (d) in pancreas. (e) Representative histopathological sections of pancreatic tissues by haematoxylin–eosin
staining. Scale bar: 50 μm. (f) ELISA analyses of TNF-α, IL-6, and CCL2 levels in pancreas. (g) GC–MS detection of butyrate levels in colon, serum,
and pancreas. Data shown are means ± SEM, n = 8. #P < .05, significantly different from CON; *P < .05, significantly different from CAE; one-way
ANOVA followed by Tukey's post hoc test
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pancreas (Figure 4a) and colon (Figure 4b). These results showed that

pre-treatment with sodium butyrate markedly suppressed the expres-

sion of NLRP3 and associated proteins, suggesting that the anti-

inflammatory effects of butyrate were associated with inhibited

NLRP3 inflammasome activation.

3.5 | Butyrate blocks AP-activated transcription
factors

Activation of NLRP3 inflammasome during AP is regulated by a num-

ber of transcription factors including NF-κB, AP1, and STAT3

(Gukovskaya, Gukovsky, Algul, & Habtezion, 2017). We next analysed

the modulatory effects of butyrate on activation of inflammation-

triggering transcription factors in pancreas and colon. As shown in

Figure 5, the phosphorylation of AP1, STAT1, and STAT3 in pancreas

was significantly suppressed by sodium butyrate treatment

(Figure 5a). In contrast, the phosphorylation of NF-κB p65 and AP1,

but not STAT1 or STAT3, was decreased in colon by sodium butyrate

treatment (Figure 5b).

3.6 | Butyrate regulates the interaction between
HDAC1 and AP1, and STAT1 in pancreas

Previous studies have demonstrated that butyrate attenuates

inflammation by inhibiting HDAC activity (Chang et al., 2014; Chen

et al., 2018). Our results showed that sodium butyrate selectively

suppressed HDAC1 but not HDAC2 or HDAC3 in the pancreas

(Figure 6a) and colon (Figure 6b). HDAC1 suppression was accom-

panied by increased histone acetylation at H3K9, H3K14, H3K18,

and H3K27 loci in the pancreas (Figure 6c), while these

acetylation sites of histone 3 remained unaltered in the colon

(Figure 6d). HDAC inhibition may regulate downstream targets such

as NF-κB (Leus, Zwinderman, & Dekker, 2016), AP1 (Sanna & Gal-

eotti, 2018), STAT1 (Ginter et al., 2012), and STAT3 (Xiong et al.,

F IGURE 2 Butyrate prophylaxis decreases innate immune cell infiltration into pancreas during AP. Mice were challenged with PBS (CON),
caerulein (CAE), or 200 mg�kg−1 sodium butyrate combined with caerulein (SB + CAE). The frequency of (a) total macrophages
(CD45+CD11b+F4/80+), (b) M2 macrophages (CD45+CD11b+F4/80+CD206+), and (c) neutrophils (CD45+CD11b+Ly6G+) in pancreas was
detected by flow cytometry. Data shown are means ± SEM, n = 6. #P < .05, significantly different from CON; *P < .05, significantly different from
CAE; one-way ANOVA followed by Tukey's post hoc test
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2012) in different contexts. By further immunocoprecipitation anal-

ysis, we observed that HDAC1 was coimmunoprecipitated with

AP1 and STAT1 in the pancreas during AP, and the interactions

were inhibited by sodium butyrate (Figure 6e). HDAC1 interacted

with STAT1 and STAT3 similarly in colon during AP, which, how-

ever, was not affected by sodium butyrate treatment (Figure 6f).

To be noted, effects of sodium butyrate were found comparable to

those of a well-characterized HDAC inhibitor, suberoylanilide

hydroxamic acid (vorinostat; 50 mg�kg−1) in HDAC1 inhibition and

attenuation of pancreatic damage and inflammation (Figure S3). In

addition, sodium butyrate but not suberoylanilide hydroxamic acid

significantly reduced pancreatic oedema (Figure S3). Furthermore,

F IGURE 3 Butyrate attenuates AP-associated colon injury. Mice were challenged with PBS (CON), caerulein (CAE), or 50 and 200 mg�kg−1
sodium butyrate combined with caerulein (SB + CAE). (a) Representative histopathological sections of colon by haematoxylin–eosin staining. Scale
bar: 100 μm. (b) Colonic crypt length. (c) ELISA detection of TNF-α, IL-6, and CCL2 levels in colon. (d) Serum diamine oxidase (DAO) activity. Data
shown are means ± SEM, n = 8. #P < .05, significantly different from CON; *P < .05, significantly different from CAE; one-way ANOVA followed
by Tukey's post hoc test

F IGURE 4 Butyrate attenuates pancreatic and colonic injury and inflammatory response by modulating NLRP3 inflammasome pathway. Mice
were challenged with PBS (CON), caerulein (CAE), or 200 mg�kg−1 sodium butyrate combined with caerulein (SB + CAE). Representative bands of
Western blot and quantitative analyses of NLRP3 inflammasome pathway in pancreas (a) and colon (b). Data shown are means ± SEM, n = 8.
#P < .05, significantly different from CON; *P < .05, significantly different from CAE
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in peritoneal macrophages stimulated by LPS (100 ng�ml−1, 6 hr,

based upon preliminary experiments in Figure S1), sodium butyrate

suppressed, in a dose-dependent manner, HDAC1, phosphorylation

of AP1 and STAT1 and downstream activation of NLRP3 and asso-

ciated proteins (Figure 7). Together, these results demonstrate that

butyrate exerts its anti-inflammatory effects via inhibiting HDAC1

activity in pancreas but not in colon.

3.7 | Butyrate protects against AP via its receptor
GPR109A in colon

As the acetylation sites of histone and interaction between HDAC1

and transcription factors in the colon were not altered by butyrate,

we went on to determine whether the beneficial effects of butyrate

on the colon were mediated via the known receptors for butyrate,

GPR109A and GPR41. As shown in Figure 8, the expression of

GPR109A but not GPR41, in the colon was significantly up-regulated

by sodium butyrate treatment in mice (Figure 8a), while its expression

in the pancreas was unchanged (Figure 8b). These results suggested

that butyrate may exert anti-inflammatory effects by activating

GPR109A in the colon.

To confirm a receptor-mediated effect in the gut, we com-

pared the effects of sodium butyrate administration on the severity

of AP in wild-type and GPR109A−/− mice. We found that the pro-

tective effects of sodium butyrate on AP were diminished in

GPR109A−/− mice (Figure 8c–f). Compared to wild-type mice,

GRP109A−/− mice had higher serum DAO levels (Figure 8g) and

enhanced activation of NLRP3 inflammasome in colon (Figure 8i).

Consistently, the absence of GPR109A in mice blocked the inhibi-

tory effects of sodium butyrate on serum DAO release (Figure 8g)

and canonical NLRP3 inflammasome mediated caspase 1 activation

and resultant IL-1β and IL-18 production in colon. In pancreas,

such effects were only partly observed, confirming a tissue-specific

mechanism of butyrate (Figure 8h,i). These data together pointed

to a role for GRP109A in mediating intestinal homeostasis by buty-

rate, and thus to attenuate AP.

4 | DISCUSSION

In the present study, we have demonstrated that butyrate displayed

multifaceted protective effects against caerulein-induced AP in mice

by attenuating pancreatic oedema and acinar necrosis, preventing the

F IGURE 5 Butyrate blocks the activation of transcription factors. Mice were challenged with PBS (CON), caerulein (CAE), or 200 mg�kg−1
sodium butyrate combined with caerulein (SB + CAE). Representative bands of Western blot and phosphorylation quantification of transcription
factors NF-κB, AP1, STAT1, and STAT3 in pancreas (a) and colons (b). Data shown are means ± SEM, n = 8. #P < .05, significantly different from
CON; *P < .05, significantly different from CAE; one-way ANOVA followed by Tukey's post hoc test

4454 PAN ET AL.



F IGURE 6 Butyrate exerts anti-inflammatory effects by acting as HDAC inhibitor in the pancreas but not in colon. Mice were challenged with
PBS (CON), caerulein (CAE), or 200 mg�kg−1 sodium butyrate combined with caerulein (SB + CAE). Protein expression of HDAC1, 2, and 3 in
pancreas (a) and colon (c) was determined by Western blot. Histone acetylation at H3K9, H3K14, H3K18, H3K27, and H3K56 in pancreas (b) and

colon (d) was detected by Western blot. Co-IP analysis of HDAC1 with NF-κB (p65), AP1, STAT1, and STAT3 in pancreas (e) and colon (f). Data
shown are means ± SEM, n = 8. #P < .05, significantly different from CON; *P < .05, significantly different from CAE; one-way ANOVA followed
by Tukey's post hoc test
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recruitment of neutrophils and the production of pro-inflammatory

cytokines in the pancreas and colon. More importantly, we demon-

strated tissue-specific anti-inflammatory mechanisms of butyrate on

pancreatic inflammation and associated intestinal injury, that is, buty-

rate acting as an HDAC1 inhibitor in pancreas or as a GPR109A ago-

nist in colon, to suppress the activation of NLRP3 inflammasome.

Meanwhile, the restored intestinal homeostasis by butyrate prophy-

laxis at least partially contributes to amelioration of AP.

Butyrate is known to exert anti-inflammatory and immunomodu-

latory effects in a variety of disease models. As a macronutrient of

dairy products such as Parmigiano Reggiano cheese (1.2 g�kg−1), buty-
rate mediated its immunonutritional effect in children with food

allergy (Grimaldi et al., 2016). In addition, Lee et al. (2017) demon-

strated that intragastric administration of 100 mg�kg−1 of butyrate

attenuated murine colitis by blocking pro-inflammatory cytokine pro-

duction in intestinal epithelial cells and macrophages, while 0.1 to

10 mg�kg−1 (Chang et al., 2014) and 20 mg�kg−1 (Lee et al., 2017) of

butyrate were not effective. Furthermore, administration of butyrate

(50, 100, and 200 mg�kg−1) protected against mouse mastitis in a

dose-dependent manner (Wang, Wei, et al., 2017), and treatment with

butyrate (500 mg�kg−1) ameliorated Type 1 diabetes (Guo et al., 2018)

and lung injury (Li et al., 2018). A higher dose of 1,200 mg�kg−1 of

butyrate is the most frequently used dose for treating neuro-

inflammation in mice (Yamawaki et al., 2018). Here, we have used the

most common model of AP induced by caerulein, which has proven

reproducibility and is relevant to initiating mechanisms of clinical AP,

in order to evaluate the prophylactic effects of butyrate (Gorelick &

Lerch, 2017). We observed that administration of 200 mg�kg−1 of

F IGURE 7 Butyrate inhibits AP1/STAT1 phosphorylation and NLRP3 inflammasome activation by acting as an HDAC1 inhibitor in peritoneal
macrophage. Cells were pretreated with sodium butyrate (SB; 5 μM, 100 μM, and 2 mM) for 24 hr followed by incubation with 100 ng�ml−1 LPS
for 6 hr. (a) Representative bands of Western blot. (b) Relative quantitative analyses of HDAC1 expression in macrophages. (c, d) Phosphorylation

analyses of transcription factors AP1 (c) and STAT1 (d) in macrophages. (e) Western blotting analysis of NLRP3 inflammasome and associated
proteins' expression in macrophages. Data shown are means ± SEM, n = 8. #P < .05, significantly different from CON; *P < .05, significantly
different from LPS; one-way ANOVA followed by Tukey's post hoc test
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butyrate, within a wide range of doses adopted in different disease

contexts, was effective in reducing AP and showed no harmful effects,

indicating its potential application for prophylaxis for AP. The wide

range of effective doses of sodium butyrate is likely to be related to

the different disease phenotypes. Exogenous butyrate, provide by die-

tary supplementation, can be absorbed by colonocytes and then deliv-

ered to peripheral tissues to treat non-intestinal diseases

(McNabney & Henagan, 2017). Thus, the biological gradient for buty-

rate falls from the gut lumen to the periphery and leads to differing

tissue butyrate exposure (Le Poul et al., 2003).

Infiltration of inflammatory immune cells and the resultant release

of pro-inflammatory mediators play a pivotal role in the pathogenesis

of AP (Gukovskaya et al., 2017). Our data suggested that butyrate lim-

ited the recruitment of neutrophils in the pancreas during AP. Similar

F IGURE 8 Butyrate protects against colonic inflammation via its receptors GPR109A, contributing to AP attenuation. Mice were challenged
with PBS (CON), caerulein (CAE), or 200 mg�kg−1 sodium butyrate combined with caerulein (SB + CAE). Western blot analysis of GPR109A and
GPR41 in pancreas (a) and colon (b). Levels of serum amylase (c) and lipase (d), pancreatic oedema (e), and myeloperoxidase (MPO) activity (f) in
pancreas. (g) Serum diamine oxidase (DAO) activity. Western blot analysis of NLRP3 inflammasome and associated protein expression in pancreas
(h) and colon (i), and values represented fold change after normalization to control. Data shown are means ± SEM, n = 8. #P < .05, significantly
different from CON; *P < .05, significantly different from CAE; $P < .05, significantly different from CAE; &P < .05, significantly different from
SB + CAE; one-way ANOVA followed by Tukey's post hoc test
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observations have been reported in acute lung injury (Li et al., 2018)

and in mice with colitis (Simeoli et al., 2017), where butyrate treat-

ment reduced the infiltration of neutrophils into injured tissues. Fur-

thermore, we observed that butyrate facilitated the polarization of

macrophages to the reparative M2 phenotype in the pancreas, which

is important in resolving inflammatory responses during pancreatitis

(Xue et al., 2015). Consistent with our findings, Ji et al. (2016) demon-

strated that butyrate could ameliorate DSS-induced colitis by enhanc-

ing the polarization of M2 macrophage. Therefore, butyrate exerts its

protective effects on AP in part by inhibiting infiltration of neutrophils

and facilitating M2 macrophage polarization.

Transcription factors, such as NF-κB, AP1, STAT1, and STAT3,

regulate activation of immune cells and production of cytokines dur-

ing AP (Chen et al., 2011; Gukovskaya et al., 2017; Robinson, Vona-

Davis, Riggs, Jackson, & McFadden, 2006). Butyrate prophylaxis mark-

edly decreased the phosphorylation of NF-κB p65, AP1, STAT1, and

STAT3 in pancreas, as well as NF-κB p65 and AP1 in colon, but failed

to suppress phosphorylation of STAT1 or STAT3 in colon, suggesting

divergent tissue-specific regulatory effects of butyrate. In addition,

the NLRP3 inflammasome has been implicated in the pathogenesis of

AP (Hoque et al., 2011), and its activation is directly regulated by tran-

scription factors including NF-κB, AP1, and STAT1. Specifically, there

are two NF-κB binding sites in the NLRP3 promoter region (1434 to

1113; Qiao, Wang, Qi, Zhang, & Gao, 2012), and activated NF-κB

translocates to the nucleus and triggers the transcription of NLRP3

and pro-forms of inflammasome-related cytokines (Bauernfeind et al.,

2009; Liu, Zhang, Joo, & Sun, 2017). AP1 is also a transcriptional acti-

vator, which mediates the gene induction of NLRP3 by binding with

the promoter region of NLRP3 (Yang et al., 2014). In the study of

Wang et al. (2017), phosphorylation of STAT1, a downstream effector

of JAK1, was blocked by JAK1 knockdown, and subsequently, NLRP3

inflammasome activation is inhibited in human THP-1 derived macro-

phages. In our study, concomitant with down-regulated phosphoryla-

tion of NF-κB p65, STAT1, and AP1, the activation of NLRP3

inflammasome in pancreas and colon was suppressed by butyrate, and

NLRP3 inhibition has been shown to prevent the progression of pan-

creatitis (Kanak et al., 2017). In addition, the inhibitory effects of buty-

rate on NLRP3 inflammasome were further confirmed in peritoneal

macrophages. Earlier work had also confirmed the anti-inflammatory

activities of butyrate in adipocytes (Wang et al., 2015) and Caco-2

cells (Feng, Wang, Wang, Huang, & Wang, 2018) by inhibiting NLRP3

inflammasome. Collectively, these findings imply that butyrate partly

protects against AP by suppressing NLRP3 inflammasome activation

via modulating its upstream transcription factors.

Mechanistically, butyrate may regulate transcription factor

expression and signal transduction pathways epigenetically by

inhibiting HDACs, specifically class I/II HDACs (Chang et al., 2014;

Chen et al., 2018). Indeed, we found that butyrate selectively

inhibited HDAC1 expression and enhanced histone 3 acetylation

levels at H3K9, H3K14, H3K18, and H3K27 loci in pancreas but

did not affect histone acetylation at these loci in colon, suggesting

that butyrate acts as an HDAC inhibitor to protect pancreatic but

not colon injury. Consistent with our findings, Hartman,

Wetterholm, Thorlacius, and Regnér (2015) suggested that HDAC

inhibitors decreased pancreatic amylase levels and gene expression

of CCL2, IL-6, and IL-1β. Furthermore, our Co-IP analysis showed

that down-regulation of HDAC1 by butyrate blocked the activation

of STAT1 and AP1 in pancreas during AP, and data from peripheral

macrophages also confirmed the inhibitory effects of butyrate on

HDAC1 expression and AP1/STAT1 activation during the inflamma-

tory response. In terms of the regulation by butyrate of the inter-

action between HDAC1 and transcription factors, other studies

have shown that HDAC1 controls STAT1 activity (Göschl et al.,

2018) and is involved in STAT1 transcriptional regulation by bind-

ing to STAT1 promoter (Ivanov, Salnikow, Ivanova, Bai, & Lerman,

2006). Therefore, HDAC1 inhibition by butyrate might reduce the

recruitment of HDAC1 to STAT1 promoter and consequently

decreased phosphorylation of STAT1. Moreover, Sanna and Gal-

eotti (2018) support that HDAC1 inhibitors block AP1 transcription,

which contributes to antinociceptive activity in a neuropathic pain

model. These findings, together with the suppressed NLRP3

inflammasome activation, provide the first evidence that butyrate

protects against pancreatic inflammation during AP through

inhibiting activation of the NLRP3 inflammasome, mediated by a

HDAC1-STAT1/AP1 pathway.

Aside from functioning as an HDAC inhibitor, another known

mechanism of butyrate is signalling through GPCRs, particularly

GPR109A and GPR41 (Tan et al., 2014; Thorburn, Macia, & Mackay,

2014). Intriguingly, we observed that butyrate up-regulated the

expression of GPR109A in colon, but not in pancreas. This observa-

tion, on one hand, is likely to reflect the tissue-specific expression of

GPCRs, as GPR109A is highly expressed on the lumen-facing apical

membrane of colonic and intestinal epithelial cells (Elangovan et al.,

2014; Koh et al., 2016; Thorburn et al., 2014). On the other hand,

butyrate has also been shown to activate GPR109A at millimolar con-

centrations (EC50, 1.6 mM) and this short chain fatty acid is produced

in large quantities (10–20 mM) by bacterial fermentation of dietary

fibres in the colon (Koh et al., 2016). However, such concentrations

are not likely to be achieved in the systemic circulation (our data

showed concentrations of 63–99 μM, Figure 1g) and in the pancreas

(0.02–0.16 μmol�g−1, Figure 1g) during AP. Thus, the beneficial effects

driven by butyrate activating GPR109A are more likely to have

occurred in the colon during AP. In support of this possibility, the acti-

vation of GPR109A by butyrate has been documented earlier to main-

tain gut homeostasis by suppressing colonic inflammation (Lee et al.,

2013; Macia et al., 2015; Singh et al., 2014). Also, we observed that

along with GPR109A activation, butyrate inhibited NF-κB p65 phos-

phorylation and downstream NLRP3 inflammasome activation in the

colon (Lee et al., 2013; Sivaprakasam, Prasad, & Singh, 2016), and this

may account for attenuation of AP-associated colonic inflammation.

In addition, a GPR109A-mediated mechanism was confirmed by

impaired gut barrier function, increased NLRP3 inflammasome activa-

tion, and partly diminished protection against AP in GPR109A−/−

mice, and this implies that butyrate-induced suppression of colonic

inflammation through GPR109A signalling could alleviate pancreatic

damage retroactively.
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Collectively, our data demonstrate that butyrate prophylaxis

attenuated pancreatic damage and associated intestinal injury during

AP by several different mechanisms: In the pancreas, butyrate exerted

anti-inflammatory effects by acting as an HDAC inhibitor inhibiting

the interaction between HDAC1 and AP1, and STAT1 and subse-

quently suppressing NLRP3 inflammasome and infiltration of immune

cells. In the colon, butyrate inhibited the phosphorylation of NF-κB

p65 and AP1 and their downstream NLRP3 inflammasome activation

in a GPR109A-dependent manner. Improved intestinal homeostasis

by butyrate through GPR109A facilitates attenuation of pancreatic

inflammation. Our study provides novel insights into the anti-

inflammatory mechanisms of butyrate in AP, and butyrate prophylaxis

represents a potential strategy for AP prevention.
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