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Abstract 33 

Lipopolysaccharide (LPS) or repeated water avoidance stress (WAS) induces visceral 34 

allodynia and gut hyperpermeability via corticotropin-releasing factor (CRF) and 35 

proinflammatory cytokines, which is a rat irritable bowel syndrome (IBS) model. As butyrate 36 

is known to suppress the release of proinflammatory cytokine, we hypothesized that butyrate 37 

alleviates these colonic changes in IBS models. The visceral pain was assessed by 38 

electrophysiologically measuring the threshold of abdominal muscle contractions in response 39 

to colonic distention. Colonic permeability was determined by measuring the absorbance of 40 

Evans blue in colonic tissue. Colonic instillation of sodium butyrate (SB; 0.37−2.9 mg/kg) for 41 

3 days inhibited LPS (1 mg/kg)-induced visceral allodynia and colonic hyperpermeability 42 

dose-dependently. Additionally, the visceral changes induced by repeated WAS (1 h for 3 43 

days) or CRF (50 µg/kg) were also blocked by SB. These effects of SB in the LPS model were 44 

eliminated by compound C, an AMPK inhibitor, or GW9662, a PPAR-γ antagonist, NG-nitro-45 

L-arginine methyl ester, a NO synthesis inhibitor, naloxone or sulpiride. SB attenuated 46 

visceral allodynia and colonic hyperpermeability in animal IBS models. These actions may be 47 

AMPK and PPAR-γ dependent and also mediated by the NO, opioid and central dopamine D2 48 

pathways. Butyrate may be effective for the treatment of IBS. 49 

 50 

Key words: butyrate; visceral pain; gut permeability; irritable bowel syndrome  51 
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Introduction 52 

Stress-induced altered visceral sensorimotor function is known to be a significant contributor 53 

to the pathophysiology of irritable bowel syndrome (IBS) 1. As the visceral changes by stress 54 

are eliminated by a corticotropin-releasing factor (CRF) antagonist, CRF may be a crucial 55 

molecule in IBS 2. 56 

Additionally, it has been recently recognized that the impaired gut barrier associated 57 

with abnormal immune response also plays a significant role in IBS 1. Increased circulatory 58 

levels of proinflammatory cytokines and lipopolysaccharide (LPS) are detected in IBS 3,4, and 59 

higher symptom severity is correlated with higher cytokine response induced by LPS in 60 

peripheral blood mononuclear cells 4. We have shown previously that LPS injection induced 61 

visceral allodynia and colonic hyperpermeability in rats via the peripheral CRF, Toll-like 62 

receptor 4 (TLR4), interleukin (IL)-1 and IL-6 pathways 5,6, which is thought to simulate the 63 

pathophysiology of IBS.  64 

At the same time, repeated water avoidance stress (WAS), a well-known animal IBS 65 

model, or peripheral injection of CRF also induces these visceral changes via similar 66 

pathways to LPS 6,7. In this context, CRF signalling activated by stress (LPS or repeated 67 

WAS) possibly induces these changes by modulating TLR4-cytokine signalling, and we 68 

considered that it is one of the important mechanisms of IBS 6. Thus, suppression of the 69 

cytokine signalling may be effective for the treatment of this disease. 70 

Butyrate is one of the short-chain fatty acids (SCFAs), which are the main metabolites 71 

produced by bacterial fermentation of dietary fiber and is a primary energy source for 72 

colonocytes. In addition, it regulates immune function, and exerts the suppressive effects of 73 
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proinflammatory cytokines 8,9. In this context, butyrate may be expected to improve visceral 74 

changes in these animal IBS models via the inhibition of cytokine signalling. 75 

However, the effects of butyrate on visceral functions possibly related to the 76 

pathophysiology of IBS have been controversial so far. Rectal enema of butyrate decreases 77 

pain in response to rectal balloon distention in healthy human volunteers 10. Moreover, 78 

butyrate reduced colonic paracellular permeability and enhanced the barrier in vitro 11,12. In 79 

contrast, several researchers showed that the rectal instillation of butyrate aggravates visceral 80 

pain in non-stressed rats 13-16, and none of the studies has shown that it exerts beneficial 81 

effects on visceral function in an animal IBS model. 82 

In this study, we attempted to determine the effects of the colonic instillation of 83 

butyrate on visceral sensation and colonic permeability in rat IBS models, i.e. LPS, repeated 84 

WAS or CRF, to explore the possibility of therapeutic application of butyrate in IBS. 85 

 86 

Methods 87 

Animals 88 

Adult male Sprague-Dawley rats (Charles River Laboratory, Atsugi, Japan) weighing about 89 

300 g were used. The animals were group-housed (three to four rats per cage) in a regulated 90 

environment with illumination (12 h light/dark cycle) and temperature (23 ºC−25 ºC). Food 91 

(Solid rat chow, Oriental Yeast, Tokyo, Japan) and water were given ad libitum. 92 

 93 

Chemicals 94 
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Sodium butyrate (SB; Fujifilm Wako Pure Chemical Corporation, Osaka, Japan) was 95 

dissolved in phosphate-buffered saline (PBS; 0.14 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4 96 

and 1.8 mM KH2PO4). LPS obtained from Escherichia coli with serotype 055:B5 (Sigma-97 

Aldrich, St. Louis, MO, USA), a rat/human CRF (Peptide Institute, Inc., Asagi, Japan), NG-98 

nitro-L-arginine methyl ester (L-NAME), naloxone hydrochloride and domperidone (Fujifilm 99 

Wako Pure Chemical) were dissolved in normal saline. Compound C (dorsomorphin; LC 100 

Laboratories, Inc., Woburn, MA, USA), GW9662 (Focus Biomolecules, Plymouth Meeting, 101 

PA, USA) and sulpiride (Fujifilm Wako Pure Chemical) were dissolved in dimethyl sulfoxide 102 

(Fujifilm Wako Pure Chemical). The doses and routes of administration of the chemicals were 103 

determined according to previous publications 5,6,17-20. 104 

 105 

Measuring visceral sensation  106 

The conscious rats underwent colonic balloon distention to induce abdominal muscle 107 

contractions (visceromotor response, VMR), which were measured by an electromyogram 108 

(EMG). This method was previously validated as a quantitative measure of visceral 109 

nociception 21. We evaluated the VMR threshold, defined as the volume (ml) of the distended 110 

balloon in the current study, and the experiments were performed as described previously 6. 111 

The method of measurement was described briefly in the following. 112 

 113 

Electrodes implantation and colonic distention balloon placement 114 
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Under isoflurane anesthesia, a small skin incision was made for the insertion of EMG 115 

electrodes (Teflon-coated stainless steel, 0.05 mm diameter) into the left side external oblique 116 

muscle in non-fasted rats. The electrodes were fixed to the muscle and the incised skin by 117 

cyanoacrylate instant adhesive. Then, the electrode leads were externalized directly through 118 

this closed incision without a subcutaneous (s.c.) tunnel and threaded through a urethane tube. 119 

Analgesics or antibiotics were not administered. A distention balloon (6-Fr disposable silicon 120 

balloon-urethral catheter, JU-SB0601; Terumo Corporation, Tokyo, Japan) was placed intra-121 

anally with the distal end positioned 2 cm proximal to the anus. 122 

 123 

Colonic distention and abdominal muscle contraction measurement 124 

After the electrodes were fixed and the balloon was inserted, the rats were placed in Bollmann 125 

cages. The electrode leads were then connected to an EMG amplifier, and the signals were 126 

recorded by a PowerLab system (AD Instruments, Colorado Springs, CO, USA). Colonic 127 

distention was performed using the ascending method of limits paradigm with phasic 128 

distention by inflating the balloon by water using a syringe. The distention was increased 129 

progressively in 0.1 ml increments every 5 s until significant abdominal muscle contractions, 130 

i.e. VMR, were detected. The VMR threshold was defined as the distended balloon volume 131 

(ml) inducing VMR (Fig. 1A). The threshold was assessed twice (2-min interval), and the 132 

mean was calculated for each individual animal. The percentage change threshold was 133 

calculated as the threshold value after treatment divided by the basal threshold value and 134 

multiplied by 100. 135 

 136 
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Measurement of colonic permeability 137 

Colonic permeability measurement was performed as described previously 6. Briefly, the rats 138 

were anaesthetised by the administration of the mixture of medetomidine hydrochloride 139 

(Orion Pharma Ltd., Dhaka, Bangladesh; 0.15 mg/kg), midazolam (Sandoz, Tokyo, Japan; 2 140 

mg/kg) and butorphanol tartrate (Meiji Seika Pharma, Tokyo, Japan; 2.5 mg/kg) 141 

intraperitoneally (i.p.) and underwent laparotomy. The colon was ligated at the junction with 142 

the cecum, and an open-tipped catheter (3-Fr, Atom, Tokyo, Japan) was inserted into the 143 

proximal colon through the hole made by a puncture using needle. The colon was gently 144 

flushed with PBS using the catheter in order to wash out all stools, and later, another ligation 145 

was added on the colon at approximately 4 cm from the proximal one. Then, 1 ml of 1.5 % 146 

Evans blue in PBS was instilled into the colon segment through the catheter. After 15 min, the 147 

rats were euthanized by terminal exsanguination under deep isoflurane anesthesia. The colons 148 

were excised, washed with PBS and 6 mM N-acetyl-cysteine, and placed in 2 ml N,N-149 

dimethylformamide for 12 h. Permeability was calculated by measuring the Evans blue 150 

concentration in the supernatant using a spectrophotometer at 610 nm.    151 

 152 

Butyrate enema 153 

The non-anesthetized rats placed in Bollmann cages underwent intra-anal insertion of a 154 

catheter (JU-SB0601; Terumo) with the distal end positioned 7 cm proximal to the anus. As 155 

the catheter was customized, the solution can diffuse from the distal end of the catheter. The 156 

rats received 0.5 ml SB solution (2, 6 and 16 mmol/l) once daily, i.e. at doses of 0.37, 1.1 and 157 
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2.9 mg/kg/day, for 3 consecutive days through the catheter. The controls were treated with the 158 

vehicle (PBS). 159 

 160 

Stress protocol 161 

Exposure to WAS was performed as described previously 22. Briefly, rats were individually 162 

placed on a plastic platform (height, 8 cm; length, 6 cm; width, 6 cm) positioned in the middle 163 

of a plastic cage, which was filled with water up to 7 cm of the platform height. Control 164 

animals were individually placed in the same plastic cage, which was not filled with water 165 

(sham stress). 166 

 167 

Experimental procedures 168 

Six groups of five to eleven rats were used. After 24 h from the last colonic instillation of SB 169 

with different concentrations or PBS, the basal VMR threshold was assessed. Next, the 170 

electrodes and distention balloon were removed, and either the vehicle or LPS (1 mg/kg) was 171 

s.c. injected (Fig. 1B). The rats were returned to their home cages, and after 3 h, the second 172 

measurement of threshold was implemented followed by the measurement of colonic 173 

permeability 5. 174 

Next, four groups of five to six rats were used to evaluate the effects of SB on WAS 175 

model (Fig. 1C). First, the basal threshold was measured. Then SB or the vehicle enema 176 

followed by WAS or sham stress for 1 h was implemented for 3 consecutive days. The 177 
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measurement of the second threshold followed by colonic permeability was performed 24 h 178 

after undergoing the last stress session 7. 179 

The effects of SB on CRF model were also tested using four groups of five to six rats. 180 

The second threshold was measured 4 h after injection of CRF (50 µg/kg, i.p.) or the vehicle 181 

followed by the measurement of colonic permeability (Fig. 1D) 6. 182 

Next, to evaluate the mechanisms of actions of SB, the effects of compound C (2 183 

mg/kg s.c.), GW9662 (3 mg/kg s.c.), L-NAME (10 mg/kg i.p.), naloxone (1 mg/kg s.c.), 184 

sulpiride (200 mg/kg s.c.) or domperidone (10 mg/kg s.c.) were tested. The groups in these 185 

experiments consisted of five to six rats. These drugs were given together with SB or the 186 

vehicle enema. 187 

 188 

Statistical analysis 189 

Statistical analyses were performed using SYSTAT 13 software (Systat Software, Chicago, 190 

IL, USA). Data were presented as means ± SEM. Multiple comparisons were performed by 191 

one- or two-way analysis of variance (ANOVA) followed by Tukey’s honestly significant 192 

difference (HSD) test. Comparisons between the two groups were performed using Student’s 193 

t-test. 194 

 195 

Results 196 

SB blocked LPS-induced visceral allodynia and colonic hyperpermeability 197 
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SB inhibited LPS-induced visceral allodynia in a dose-responsive manner [F(5,32) = 15.1, p < 198 

0.05; Fig. 2A]. SB (2.9 mg/kg) fully reversed the threshold change by LPS. This dose of SB 199 

per se did not change the basal threshold of VMR (ml), i.e. before injection of LPS or the 200 

vehicle (0.62 ± 0.026 for SB, n = 10 vs. 0.63 ± 0.017 for vehicle, n = 18, p > 0.05). 201 

Additionally, SB inhibited LPS-induced colonic hyperpermeability dose-dependently 202 

[F(5,32) = 42.2, p < 0.05; Fig. 2B]. According to these results, we employed 2.9 mg/kg SB for 203 

the following experiments.  204 

 205 

SB eliminated repeated WAS- or CRF-induced visceral allodynia and colonic 206 

hyperpermeability 207 

Visceral changes induced by repeated WAS were abolished by SB [visceral sensation: effect 208 

of WAS: F(1,18) = 11.6, p < 0.05, effect of SB: F(1,18) = 12.8, p < 0.05 and interaction 209 

between WAS and SB: F(1,18) = 9.38, p < 0.05; colonic permeability: effect of WAS: F(1, 210 

18) = 27.2, p < 0.05, effect of SB: F(1,18) = 29.2, p < 0.05 and interaction between WAS and 211 

SB: F(1,18) = 27.9, p < 0.05; Fig. 3A and B]. 212 

 SB also blocked these CRF-induced visceral changes [visceral sensation: effect of 213 

CRF: F(1,17) = 12.9, p < 0.05, effect of SB: F(1,17) = 10.4, p < 0.05 and interaction between 214 

CRF and SB: F(1,17) = 7.29, p < 0.05; colonic permeability: effect of CRF: F(1,17) = 52.2, p 215 

< 0.05, effect of SB: F(1,17) = 64.6, p < 0.05 and interaction between CRF and SB: F(1,17) = 216 

54.2, p < 0.05; Fig. 3C and D]. 217 

 218 
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Compound C reversed the effects of SB on the LPS model 219 

As SCFAs were reported to activate AMP-activated protein kinase (AMPK) signalling 23, the 220 

role of AMPK on the effects of SB was determined. First, we evaluated the effects of 221 

compound C, an AMPK inhibitor, on the basal threshold, and the LPS-induced visceral 222 

allodynia and colonic hyperpermeability. Three s.c. injections of compound C altered neither 223 

the basal threshold (0.60 ± 0.020 ml for compound C, n = 10 vs. 0.60 ± 0.015 ml for vehicle, n 224 

= 10, p > 0.05) nor the visceral response induced by LPS [visceral sensation: effect of 225 

compound C: F(1,16) = 0.028, p > 0.05, effect of LPS: F(1,16) = 122.8, p < 0.05 and 226 

interaction between compound C and LPS: F(1,16) = 0.46, p > 0.05; colonic permeability: 227 

effect of compound C: F(1,16) = 0.017, p > 0.05, effect of LPS: F(1,16) = 37.9, p < 0.05 and 228 

interaction between compound C and LPS: F(1,16) = 0.025, p > 0.05]. 229 

 Then we performed separate series of experiments to explore the role of AMPK 230 

signalling on the effects of SB, and compound C reversed the effects of SB on the LPS model 231 

[visceral sensation: effect of compound C: F(1,17) = 12.3, p < 0.05, effect of SB: F(1,17) = 232 

18.8, p < 0.05 and interaction between compound C and SB: F(1,17) = 19.0, p < 0.05; colonic 233 

permeability: effect of compound C: F(1,17) = 6.74, p < 0.05, effect of SB: F(1,17) = 33.0, p 234 

< 0.05 and interaction between compound C and SB: F(1,17) = 8.27, p < 0.05; Fig. 4A and B]. 235 

 236 

GW9662 eliminated the effects of SB on the LPS model 237 

A butyrate-releasing derivative was shown to activate peroxisome proliferator-activated 238 

receptor-γ (PPAR-γ) 24, and its role was explored. GW9662, a PPAR-γ antagonist, modified 239 

neither the basal threshold (0.60 ± 0.016 ml for GW9662, n = 12 vs. 0.60 ± 0.025 ml for 240 
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vehicle, n = 10, p > 0.05) nor the response induced by LPS [visceral sensation: effect of 241 

GW9662: F(1,18) = 0.14, p > 0.05, effect of LPS: F(1,18) = 58.3, p < 0.05 and interaction 242 

between GW9662 and LPS: F(1,18) = 0.015, p > 0.05; colonic permeability: effect of 243 

GW9662: F(1,18) = 0.044, p > 0.05, effect of LPS: F(1,18) = 169.5, p < 0.05 and interaction 244 

between GW9662 and LPS: F(1,18) = 0.12, p > 0.05]. 245 

 The drug abolished the effects of SB [visceral sensation: effect of GW9662: F(1,17) = 246 

4.95, p < 0.05, effect of SB: F(1,17) = 6.82, p < 0.05 and interaction between GW9662 and 247 

SB: F(1,17) = 6.05, p < 0.05; colonic permeability: effect of GW9662: F(1,17) = 12.3, p < 248 

0.05, effect of SB: F(1,17) = 9.78, p < 0.05 and interaction between GW9662 and SB: F(1,17) 249 

= 12.0, p < 0.05; Fig. 5A and B]. 250 

 251 

L-NAME or naloxone reversed the effects of SB on the LPS model 252 

Butyrate was shown to increase nitric oxide (NO) production from macrophages 25, and NO is 253 

known to modulate pain response 26,27. Therefore, we determined the role of NO. L-NAME, 254 

an NO synthesis inhibitor, did not alter either the basal threshold (0.60 ± 0.017 ml for L-255 

NAME, n = 10 vs. 0.61 ± 0.016 ml for vehicle, n = 10, p > 0.05) or the response by LPS 256 

[visceral sensation: effect of L-NAME: F(1,16) = 0.24, p > 0.05, effect of LPS: F(1,16) = 257 

88.7, p < 0.05 and interaction between L-NAME and LPS: F(1,16) = 0.152, p > 0.05; colonic 258 

permeability: effect of L-NAME: F(1,16) = 0.027, p > 0.05, effect of LPS: F(1,16) = 84.7, p < 259 

0.05 and interaction between L-NAME and LPS: F(1,16) = 0.0001, p > 0.05]. 260 

 At the same time, the drug fully reversed the effects of SB [visceral sensation: effect of 261 

L-NAME: F(1,16) = 22.9, p < 0.05, effect of SB: F(1,16) = 16.7, p < 0.05 and interaction 262 
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between L-NAME and SB: F(1,16) = 15.5, p < 0.05; colonic permeability: effect of L-NAME: 263 

F(1,16) = 13.2, p < 0.05, effect of SB: F(1,16) = 10.6, p < 0.05 and interaction between L-264 

NAME and SB: F(1,16) = 11.7, p < 0.05; Fig. 6A and B]. 265 

 It is well known that opioid signalling is involved in visceral sensation 28, and its role 266 

on the effects of butyrate was determined. Naloxone, an opioid receptor antagonist, altered 267 

neither the basal threshold (0.62 ± 0.013 ml for naloxone, n = 10 vs. 0.61 ± 0.018 ml for 268 

vehicle, n = 10, p > 0.05) nor the response by LPS [visceral sensation: effect of naloxone: 269 

F(1,16) = 0.059, p > 0.05, effect of LPS: F(1,16) = 99.6, p < 0.05 and interaction between 270 

naloxone and LPS: F(1,16) = 0.033, p > 0.05; colonic permeability: effect of naloxone: 271 

F(1,16) = 0.024, p > 0.05, effect of LPS: F(1,16) = 189.8, p < 0.05 and interaction between 272 

naloxone and LPS: F(1,16) = 0.03, p > 0.05]. 273 

 Additionally, naloxone abolished the effects of SB [visceral sensation: effect of 274 

naloxone: F(1,17) = 15.2, p < 0.05, effect of SB: F(1,17) = 12.9, p < 0.05 and interaction 275 

between naloxone and SB: F(1,17) = 16.3, p < 0.05; colonic permeability: effect of naloxone: 276 

F(1,17) = 17.0, p < 0.05, effect of SB: F(1,17) = 13.0, p < 0.05 and interaction between 277 

naloxone and SB: F(1,17) = 15.3, p < 0.05; Fig. 6C and D]. 278 

 279 

Sulpiride abolished but domperidone did not alter the effects of SB on the LPS model 280 

We have previously demonstrated that central dopamine signalling is an important modulator 281 

of visceral pain 29, and its role on the effects of butyrate was determined. Sulpiride, a 282 

dopamine D2 receptor antagonist, did not modify the basal threshold (0.62 ± 0.015 ml for 283 

sulpiride, n = 10 vs. 0.62 ± 0.019 ml for vehicle, n = 10, p > 0.05) and the response by LPS 284 
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[visceral sensation: effect of sulpiride: F(1,16) = 0.123, p > 0.05, effect of LPS: F(1,16) = 285 

77.7, p < 0.05 and interaction between sulpiride and LPS: F(1,16) = 0.246, p > 0.05; colonic 286 

permeability: effect of sulpiride: F(1,16) = 1.83, p > 0.05, effect of LPS: F(1,16) = 190.9, p < 287 

0.05 and interaction between sulpiride and LPS: F(1,16) = 1.93, p > 0.05]. 288 

 The drug reversed the effects of SB [visceral sensation: effect of sulpiride: F(1,16) = 289 

18.8, p < 0.05, effect of SB: F(1,16) = 17.2, p < 0.05 and interaction between sulpiride and 290 

SB: F(1,16) = 19.0, p < 0.05; colonic permeability: effect of sulpiride: F(1,16) = 17.2, p < 291 

0.05, effect of SB: F(1,16) = 5.52, p < 0.05 and interaction between sulpiride and SB: F(1,16) 292 

= 20.5, p < 0.05; Fig. 7A and B]. 293 

 Domperidone, a peripheral dopamine D2 receptor antagonist, did not modify the basal 294 

threshold (0.64 ± 0.026 ml for domperidone, n = 10 vs. 0.63 ± 0.013 ml for vehicle, n = 10, p 295 

> 0.05) and the response by LPS [visceral sensation: effect of domperidone: F(1,16) = 0.256, 296 

p > 0.05, effect of LPS: F(1,16) = 108.8, p < 0.05 and interaction between domperidone and 297 

LPS: F(1,16) = 0.047, p > 0.05; colonic permeability: effect of domperidone: F(1,16) = 0.228, 298 

p > 0.05, effect of LPS: F(1,16) = 111.8, p < 0.05 and interaction between domperidone and 299 

LPS: F(1,16) = 0.047, p > 0.05]. 300 

 At the same time, the drug did not modify the effects of SB [visceral sensation: effect 301 

of domperidone: F(1,16) = 0.067, p > 0.05, effect of SB: F(1,16) = 64.8, p < 0.05 and 302 

interaction between domperidone and SB: F(1,16) = 0.26, p > 0.05; colonic permeability: 303 

effect of domperidone: F(1,16) = 0.03, p > 0.05, effect of SB: F(1,16) = 124.8, p < 0.05 and 304 

interaction between domperidone and SB: F(1,16) = 0.005, p > 0.05; Fig. 7C and D]. 305 

 306 
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Discussion 307 

The effects of butyrate on visceral sensation are controversial. Bourdu et al. 13 reported that 308 

SB enema induced visceral hypersensitivity in rats for the first time and advocated that this 309 

response by SB could be used for an experimental animal model of IBS. After that, this 310 

phenomenon has been well reconfirmed by several other researchers, and it is now recognized 311 

as one of the common rat IBS models 14-16. In contrast, a few human studies showed that 312 

butyrate improved abdominal pain in patients with IBS 30,31. Additionally, repeated WAS 313 

decreases butyrate-producing microbiota, and visceral hypersensitivity induced by stress is 314 

alleviated by the supplementation of butyrate-producing bacteria in rats 32, which may be 315 

indirect evidence suggesting the ameliorative effect of butyrate in visceral pain. 316 

In the study of Bourdu et al. 13, the rats underwent 1 ml SB enema twice daily for 3 317 

consecutive days, and the tested concentrations of SB solution ranged from 8 to 1000 mmol/l. 318 

Under this protocol, SB induced visceral allodynia in a dose-responsive manner. Meanwhile, 319 

butyrate concentrations in the cecal fluid and colonic contents of rats, pigs and monkeys were 320 

reported to be 3 to 7 mmol/l when diets contained little or no fermentable dietary fiber, and as 321 

high as 40 mmol/l when the diets provided ample fermentable fiber 33. Given the evidence 322 

above, the concentrations of SB solution in that study seemed to be extremely high. Thus, we 323 

used the physiologic concentration of SB solution for enema, i.e. 2, 6 and 16 mmol/l. The 324 

doses of SB using these solutions were 0.37, 1.1 and 2.9 mg/kg/day, whereas the doses in that 325 

study ranged from 8.4 to 1048 mg/kg/day, which means that the highest tested dose in the 326 

current study equaled only about one third of the minimum tested dose by Bourdu et al. 327 
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 The current study showed for the first time that SB abolished visceral allodynia in rat 328 

IBS models, which was completely different from the findings by the previous studies above. 329 

Our results strongly suggest that a high dose of SB may induce visceral hypersensitivity, and 330 

physiologic concentrations of SB may improve visceral pain. Intraluminal administration of 331 

physiologic doses of butyrate into the distal colon for 7 days decreases visceral pain and 332 

discomfort in response to colonic distention in healthy humans 10,34, which may further 333 

support our results and the notion above. 334 

At the same time, we also found that SB improved colonic barrier. Previous studies 335 

showed that butyrate in physiologic concentrations can enhance intestinal barrier function, but 336 

high-dose butyrate disrupts the barrier using Caco-2 cells in vitro 35. These findings strongly 337 

suggest that an adequate dose of butyrate may improve visceral function. 338 

We have recently demonstrated that LPS-, repeated WAS- or CRF-induced visceral 339 

allodynia and colonic hyperpermeability were mediated via peripheral CRF, TLR4 and the 340 

proinflammatory cytokine system 5-7. The speculated mechanisms of the visceral changes in 341 

these IBS models are considered as follows 6. Activating peripheral CRF receptors by stress 342 

stimulates TLR4 to alter tight junction (TJ) proteins 36, thereby inducing colonic 343 

hyperpermeability. Impaired gut barrier induces bacterial translocation leading to increased 344 

LPS to trigger to release proinflammatory cytokines by activating TLR4, which induces 345 

visceral allodynia possibly through the activation of visceral afferent neurons 37. At the same 346 

time, the cytokine also increases gut permeability via modifying TJ proteins 38. Additionally, 347 

LPS not only stimulates TLR4 but also activates peripheral CRF receptors 5. Thus, peripheral 348 
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CRF and TLR4-cytokine signalling may develop a vicious cycle activating each other to 349 

induce these visceral changes. 350 

In this scenario, visceral allodynia is considered to result from colonic 351 

hyperpermeability. In the current and our previous studies showed that visceral allodynia 352 

occurred associated with colonic hyperpermeability with no exception 6,17,18,39. Moreover, 353 

Creekmore et al. 40, demonstrated a positive correlation between the magnitude of visceral 354 

pain and paracellular permeability in repeated WAS model, and knockdown of occludin, one 355 

of the TJ proteins, induced intestinal hyperpermeability with visceral hypersensitivity. These 356 

results further support the notion above. Thus, SB may inhibit peripheral CRF-TLR4-cytokine 357 

signaling to improve colonic barrier followed by inhibition of visceral allodynia.  358 

Actually, butyrate was reported to inhibit the expression of proinflammatory cytokines 359 

triggered by interferon-γ in RAW 264.7 cells 41. Moreover, it was also shown that high-fat diet 360 

impaired gut barrier with increased serum level of LPS and upregulated the TLR4 gene and 361 

proinflammatory cytokines in the liver, which were improved by the intragastric 362 

administration of SB in mice 42. 363 

SCFAs are known to activate AMPK in the liver and muscles 23. In addition, we have 364 

very recently shown that metformin, an AMPK activator, blocked the visceral changes in the 365 

same IBS models 18. Thus, we hypothesized that the effects of butyrate are mediated via 366 

AMPK, and it actually happened, i.e. compound C reversed the effects of SB. Several in vitro 367 

studies proved that LPS-induced inflammatory response was inhibited by AMPK 43,44. In this 368 

context, the effects of SB may result from the suppression of cytokine signalling via AMPK. 369 
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At the same time, it was reported that butyramide, a butyrate-releasing derivative 370 

exerts an anti-inflammatory effect via the upregulation of PPAR-γ in dextran sulphate sodium-371 

induced murine colitis 24. PPAR-γ inhibits the expression of various cytokines in macrophages 372 

45, and we have also confirmed previously that activating PPAR-γ by pioglitazone abolished 373 

the visceral changes in these IBS models 17. Moreover, butyrate reduces colonic paracellular 374 

permeability by PPAR-γ activation in HT-29 cells 11. In the current study, the effects of SB 375 

were reversed by PPAR-γ antagonist, suggesting that butyrate may inhibit cytokine signalling 376 

via PPAR-γ to exert the effects. 377 

It is known that there exists a link between AMPK and PPAR-γ. It was shown that 378 

LPS increased the expression of TLR4 via the suppression of PPAR-γ in endothelial 379 

EA.hy926 cells, and the activation of AMPK prevented the increase of TLR4 protein via the 380 

rescue of the decreased PPAR-γ protein 46, suggesting that PPAR-γ might be a downstream 381 

effector of AMPK. In contrast, several studies showed that PPAR-γ mediates the activation of 382 

AMPK 47. In this context, both signalling can modulate each other. Although both signalling 383 

modulated the effects of SB in the current study, we did not determine which signalling was 384 

upstream. Further studies are needed to explore this issue.    385 

We also showed that the effects of SB were reversed by L-NAME or sulpiride, but not 386 

by domperidone, suggesting that they were mediated via NO and central dopamine D2 387 

signalling. These findings may support the result that the effects of SB were mediated via 388 

AMPK signalling, because the antinociceptive effect by metformin in the LPS model was 389 

mediated via NO and central dopamine D2 pathways, which were shown in our previous study 390 

18.   391 
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It has been demonstrated that NO pathway may be both pro-nociceptive and anti-392 

nociceptive 48. Based on the present study, we would raise a hypothesis that butyrate increases 393 

NO production from macrophages 25, and NO inhibits proinflammatory cytokine genes in 394 

various immune cells 49, thereby improving the IBS model. 395 

Garrido-Gil et al. 50 showed that central dopaminergic depletion increased the level of 396 

IL-1β in the colon, suggesting that brain dopamine reduces the vulnerability of gut 397 

inflammation. Additionally, butyrate possibly crosses the blood brain barrier 51, and SB at a 398 

dose of 300 mg/kg i.p. protects dopamine neurons to improve the motor deficit in Parkinson’s 399 

disease model 52, suggesting the possibility that SB act centrally to modulate dopamine 400 

signalling to exert the effects by suppressing cytokine. 401 

However, we did not think that SB directly act on the brain in the current study for the 402 

following reasons. Butyrate is the main energy source for colonocytes 23, and the majority of 403 

the luminal butyrate is consumed in the gut resulting in relatively low concentration of 404 

butyrate in portal vein. Then it is metabolized in liver and its concentration becomes lower in 405 

systemic circulation 53. Moreover, the brain uptake of intravenous administration of butyrate 406 

was reported to be only less than 0.006 % in baboons 54. Therefore, the amount of brain 407 

uptake is considered to be negligible in the current experimental settings using physiologic 408 

concentration of SB enema. Butyrate is known to activate vagal afferents 55, and activation of 409 

upper gut-innervating vagal afferents induces the release of dopamine from nigral neurons 56. 410 

In this context, it is reasonable to think that SB may act peripherally and indirectly activate 411 

brain dopamine D2 receptor. 412 
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As it is known that opioid signalling is involved in altered visceral sensory function by 413 

stress 28, the role of opioid receptor was determined. Opioid receptors are expressed in 414 

immune cells and modulate cytokine response 57. We found that naloxone blocked the effects 415 

of SB. There is no direct report indicating that butyrate activates opioid signalling, but Pol et 416 

al. 58 demonstrated that NO upregulated the µ-opioid receptor gene transcription in mice gut 417 

during intestinal inflammation. Moreover, NO stimulated the neuronal release of endogenous 418 

opioids to stimulate opioid receptors in the brain and the spinal cord 26,27. These results 419 

suggest that butyrate may activate opioid receptors via NO to exert the effects. In this context, 420 

both peripheral and central opioid signalling may contribute to the effects of butyrate. 421 

This study has several limitations. We did not show the direct evidence that SB 422 

inhibits the production of cytokines. Although the visceral changes observed in these IBS 423 

models were mediated via IL-1 or IL-6 5-7, the colonic mucosal levels of the cytokines were 424 

not elevated in the current experimental settings (data not shown). Therefore, we could not 425 

test the direct effect of SB on cytokine signalling. Since cytokines may act locally to visceral 426 

afferents or TJ inducing visceral changes, increased cytokines in the colonic mucosa were not 427 

prerequisite for these changes. In other words, activating local cytokine signaling and the 428 

elevated level of cytokines are different issues. Moreover, the sources of the cytokines 429 

responsible for the visceral changes were not determined. It is known that various cells other 430 

than macrophages or monocytes, such as fibroblasts, endothelial cells, neuronal cells and 431 

smooth muscle cells, secrete the cytokines 59. Additionally, the role of opioid receptor 432 

subtypes on the effects of butyrate was not determined either. Before determining the precise 433 

mechanisms of actions by SB in a molecular or cellular level, we should clear the issue above. 434 
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In spite of these limitations, our results clearly showed that butyrate improved visceral 435 

changes in IBS models. Recently, several studies have been demonstrated that perturbations of 436 

the intestinal microbiota play a role in the pathophysiology of IBS. Although it is not 437 

definitely known that an altered microbiota is a cause or a consequence, it may be involved 438 

with the changes in intestinal motility, visceral sensation, mucosal barrier and the expression 439 

of pattern recognition receptors 60. The microbiota generates and releases molecules that can 440 

signal to distant organs, which may induce these changes. Together with the evidence above, 441 

our results suggest that butyrate is one of the signalling molecules between the microbiota and 442 

host in the pathophysiology of IBS. 443 

In conclusion, SB enema blocked visceral allodynia and colonic hyperpermeability in 444 

rat IBS models, which may be AMPK and PPAR-γ dependent, and mediated by the NO, 445 

central dopamine D2 and opioid pathways. Butyrate may be useful for the treatment of IBS. 446 
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Figure legends 657 

Figure 1: (A) Threshold of VMR determined by the distended balloon volume (ml) inducing 658 

apparent sustained abdominal muscle contractions. Demonstrable EMG recording is depicted. 659 

The threshold of VMR was 0.3 ml in this animal. (B) Schematic representation of the 660 

experimental protocol to explore the effects of SB on LPS-induced visceral changes. Colonic 661 

instillation of SB or the vehicle was performed for 3 consecutive days. The basal VMR 662 

threshold was measured 30 min after surgery for implanting EMG electrodes and placing the 663 

balloon, i.e. 24 h after the last enema. Then, LPS (1 mg/kg) or the vehicle was administered. 664 

Later, surgery and balloon placement were performed again, and the threshold was measured 665 

3 h after injection followed by the measurement of colonic permeability. (C) Protocol for 666 

determining the effects of SB on repeated WAS-induced visceral changes. Thirty minutes 667 

after SB or the vehicle enema, the rats were subjected to either WAS or sham stress for 1 h. 668 

These treatments, i.e. enema and stress, were performed for 3 consecutive days. The basal 669 

threshold was measured before the initial treatments. The second threshold measurement was 670 

performed 24 h after the last stress session followed by the measurement of colonic 671 

permeability. (D) Effects of SB on CRF (50 µg/kg)-induced visceral changes were also 672 

determined. The measurements of the second threshold and colonic permeability were 673 

examined 4 h after injection of CRF or the vehicle.  674 

 675 

Figure 2: Effects of SB on LPS-induced visceral allodynia and colonic hyperpermeability. (A) 676 

LPS significantly reduced the threshold of VMR, and SB dose-dependently reversed this 677 

response. (B) LPS increased colonic permeability, which was also blocked by SB. *p < 0.05 678 
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vs. vehicle (SB 0) + vehicle, #p < 0.05 vs. vehicle (SB 0) + LPS by one-way ANOVA 679 

followed by Tukey’s HSD test. Each column represents mean ± SEM. The number of rats 680 

examined is shown in parentheses (n = 5−11). 681 

 682 

Figure 3: Effect of SB on repeated WAS- or CRF-induced visceral changes. WAS induced 683 

visceral allodynia and colonic hyperpermeability, which were reversed by SB (A and B). SB 684 

also blocked CRF-induced visceral changes (C and D). Sham, sham stress. *p < 0.05 vs. 685 

vehicle + sham or vehicle + vehicle,  #p < 0.05 vs. vehicle + WAS or vehicle + CRF by two-686 

way ANOVA followed by Tukey’s HSD test. Each column represents mean ± SEM. The 687 

number of rats examined is shown in parentheses (n = 5−6). 688 

 689 

Figure 4: Compound C reversed the effects of SB on LPS-induced visceral allodynia (A) and 690 

colonic hyperpermeability (B). *p < 0.05 vs. vehicle + vehicle + LPS, #p < 0.05 vs. vehicle + 691 

SB + LPS by two-way ANOVA followed by Tukey’s HSD test. Each column represents mean 692 

± SEM. The number of rats examined is shown in parentheses (n = 5−6). 693 

 694 

Figure 5: GW9662 blocked the effects of SB on LPS-induced visceral allodynia (A) and 695 

colonic hyperpermeability (B). *p < 0.05 vs. vehicle + vehicle + LPS, #p < 0.05 vs. vehicle + 696 

SB + LPS by two-way ANOVA followed by Tukey’s HSD test. Each column represents mean 697 

± SEM. The number of rats examined is shown in parentheses (n = 5−6). 698 

 699 
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Figure 6: L-NAME abolished the effects of SB on LPS-induced visceral changes (A and B). 700 

Naloxone also reversed the effects of SB (C and D). *p < 0.05 vs. vehicle + vehicle + LPS, #p 701 

< 0.05 vs. vehicle + SB + LPS by two-way ANOVA followed by Tukey’s HSD test. Each 702 

column represents mean ± SEM. The number of rats examined is shown in parentheses (n = 703 

5−6). 704 

 705 

Figure 7: Sulpiride eliminated the effects of SB on LPS-induced visceral changes (A and B), 706 

whereas domperidone did not modify the effects (C and D). *p < 0.05 vs. vehicle + vehicle + 707 

LPS, #p < 0.05 vs. vehicle + SB + LPS by two-way ANOVA followed by Tukey’s HSD test. 708 

Each column represents mean ± SEM. The number of rats examined is shown in parentheses 709 

(n = 5). 710 
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