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Sodium butyrate protects the intestinal barrier function 
in peritonitic mice
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Abstract: Objective: Peritonitis is a commonly seen disease with high morbidity and mortality. It is prevalently con-
sidered that the impaired intestinal barrier during peritonitis is the access point of gut microbes into the blood 
system, and acts as the engine of the following systemic infection. In our previous study, we found that Sodium 
Butyrate (NaB) was protective on intestinal barrier function. In this study, we aim to evaluate the effects of NaB 
on overwhelming infection animal models of peritonitis. Methods: Mouse cecal ligation and puncture (CLP) model 
was used to study the effects of NaB on the intestinal barrier. Experimental animals were fed of NaB by gavage. 
Post-CLP mortality, gut permeability and intestinal histological alterations were studied. Results: Gastrointestinal 
NaB pharmacodynamics profiles after medication were studied. Measurements of NaB concentration in chyme 
showed significantly higher intestinal concentration of NaB in the NaB treated group than that of the control group. 
CLP-induced mortality was significantly decreased by oral NaB treatments. Gut permeability was largely increased 
after CLP, which was partially prevented by NaB feeding. Histological study showed that intestinal, especially ileal 
injury following peritonitis was substantially alleviated by NaB treatments. Moreover, tissue regeneration was also 
prompted by NaB. Conclusion: NaB has a potential protective effect on intestinal barrier function in peritonitis.
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Introduction

Peritonitis is commonly seen among postopera-
tive patients as a complication of various sur-
geries including perforative peptic ulcer, suppu-
rative appendicitis, cholecystitis, trauma, and 
postoperative anastomotic leakage [1, 2]. 
Without proper treatments, peritonitis can 
cause sepsis, systemic inflammatory response 
syndrome (SIRS), and ultimately multiple organ 
failure (MOF). In patients with peritonitis, the 
microbe-filling peritoneal cavity becomes the 
engine of systemic infection. The impaired 
intestinal barrier also facilitates gut microbe 
transmission into the blood system. It was 
reported that the small bowel is the origin of 
bacteremia in acute diffuse peritonitis [3]. 
Protection of the intestinal barrier function is 
now a key focus in preventing peritonitis from 
deterioration. 

The intestinal epithelium is a single layer of 
cells that function as both selective filters and 
foreign antigen barriers [4]. Its permeability 
allows nutrients to pass through the gut while 

the barrier function keeps noxious substances 
and foreign antigens from entering into the cir-
culation system and other tissues. The barrier 
is further composed of two parts: the intrinsic 
barrier of continuous epithelial cell lining and 
the extrinsic mucus barrier combined of goblet 
cells secretions and the epithelium [5]. It is 
clear that the intestinal barrier plays a key role 
in the innate and adaptive immune system and 
its function under infections like peritonitis is 
more crucial [6]. The damage of intestinal barri-
er leading to the leakage of large amount of 
antigens into the blood system symbolized the 
deterioration of peritonitis during its pathologi-
cal progression. In this view, protection of the 
intestinal barrier is a key step in treating perito-
nitis. Recently, several compounds have been 
reported protective on intestinal epithelial 
through various underlying mechanisms [7-9]. 
In our previous study, we focused on the protec-
tive effects of sodium butyrate (NaB) on intesti-
nal barrier function under severe stress. To 
make further evaluations in vivo, we studied the 
protective effects of NaB on mice cecal ligation 
and puncture (CLP) model aiming to provide a 
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potential pharmaceutical for treating peritonitis 
and improve the prognosis. 

Butyrate is one of the major metabolites in the 
intestines of human and animals from bacterial 
fermentation. It has also been shown that 
butyrate is a critical mediator of the intestinal 
inflammatory response [10]. Through regulating 
IFN-γ/STAT1 signaling pathways, inhibiting his-
tone deacetylase (HDAC) and interact with T 
cells, butyrate is involved in both intestinal 
homeostasis and under inflammation situation 

[11]. NaB (C3H7COO) and its effects have been 
intensively studied on cultured cell lines and in 
vivo experiments. Several groups have already 
reported the protective effects of NaB on intes-
tinal barrier in recent years [12, 13]. However, 
in vivo evaluation of NaB on barrier function is 
still unclear. 

These accumulating findings motivated us to 
study whether NaB has an alleviative effects on 
the mortality rate in animal models of peritoni-
tis. In this study, we used mice CLP models in 
order to simulate the peritonitis condition. From 
our results, we found that NaB could reduce 
peritonitis-related mortality, decrease intesti-
nal permeability in peritonitic animals, and alle-
viate intestinal mucosal damage by infection. 

Materials and method

This work was supported by the ethics commit-
tee of Jingxi Campus of Beijing Chaoyang 
Hospital Affiliated to Capital Medical University.

Animals & CLP model

Male C57BL/6N mice, 20~25 g, were pur-
chased from Beijing Vital River Laboratory 
Animal Technology Co. Ltd and housed in the 
animal research facility of the Peking University 
First Hospital. Mice were allowed to acclimatize 
for 3 d with free access to standard chow diet 
(Beijing Ke Ao Xie Li Feeds Co., Ltd) and water 
under controlled conditions of temperature and 
humidity with a 12:12 hour light: dark cycle. 

laparotomy, the distal portion of the cecum (1 
cm) was ligated with 5-0 silk suture. The ligated 
cecum (1 cm) was then punctured with a 
21-gauge syringe needle and gently com-
pressed until a small amount of feces appeared. 
In the sham-operated animals, the cecum was 
manipulated but without ligation and puncture, 
and placed back into the peritoneum. The inci-
sion was closed with a 2-layer procedure: 5-0 
polyglactin suture on the muscle layer and silk 
suture on the skin respectively. Mice received a 
subcutaneous injection of 1mL of saline for 
fluid resuscitation at the time of closure, and 
were placed in an incubator (37°C) for 15 min.

NaB Administration

NaB solution (1% w/v) was administered by 
gavage (0.2 g/kg, every 12 h) 24 h prior to sur-
gery and continued 24 h after the operation. 
The control group was gavaged with an equal 
volume of normal saline. 

Gastrointestinal (GI) Butyrate Concentration 
Measurements 

GI digestive matter (chyme) was collected by 
laparotomy in euthanized animals. Butyrate 
content was measured using gas chromatogra-
phy (GC), modified from the method previously 
described by He et al [15]. Briefly, samples 
were prepared as follows, 20 ul 2 mg/ml isobu-
tyrate in water (internal standard), 1880 ul of 
sample or butyrate standards were mixed with 
2 ml ethyl acetate. 100ul phosphoric acid was 
added for acidification. The analysis is based 
on headspace GC. GC was performed using an 
Agilent 6890 Series N Gas Chromatograph 
(Agilent, US) with FID flame ionization detector, 
equipped with a 30 cm × 530 μm × 10 μm 
Agilent 125-7032 capillary column. 

Mortality study 

Animals after either CLP or sham surgery were 
placed back to clean environments with free 
access to chow diet and drinking water. All the 

Table 1. GI butyrate anion concentration (mmol/kg)

Stomach Jejunum Ileum cecum
Sham ND ND ND 5.12 ± 0.43
CLP ND ND ND 6.13 ± 0.59
CLP + NaB 2.08 ± 0.19* 1.23 ± 0.24* 1.64 ± 0.11* 5.09 ± 0.44
*: difference is statistically significant compared with CLP.

CLP procedure was modified from 
the method reported by Habbard 
et al [14]. Briefly, mice were anes-
thetized by pentobarbital sodium 
(50 mg/kg i.p.) and the abdominal 
skin was prepared by hair removal 
and Iodophor disinfection. All 
operations were performed fol-
lowing aseptic procedures. After 
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animals were inspected twice daily, and dead 
individuals were removed and recorded. The 
mortality observations ended at the tenth day 
after surgery. We did not collect either blood or 
tissue samples from these mice. The lethality 
was shown in a survival curve. 

Intestinal permeability assay

Fluorescein isothiocyanate-dextran, molecular 
weight 40 kD, (FD40), (Sigma-Aldrich, USA), 
was used as a tracer of intestinal permeability. 
Animals were gavaged with 60 mg/kg FD40 4 h 
prior to blood sampling from the orbital sinus. 
Plasma was separated (Heperin anticoagula-
tion, 4°C, 2000 rpm, 10 min) for FD40 mea-
surement. Plasma FD40 was measured by high 
performance liquid chromatography (HPLC) 
using fluorescence detection model SIL-20A/
SIL-20AC prominence liquid chromatograph 
(Waters-Millipore) (SHIMADZU Company, Jap- 
an). The chromatography system for FITC analy-
sis included the following parameters: Auto- 
sampler (SIL-20A); RF-10 AXL fluorescence 
detector set at an excitation and emission 
wavelength of 494 and 518 nm respectively; 
Polysep-GFC-P linear size exclusion column 
(300 × 7.8 mm I.D., Phenomenex, Torrance, CA, 
USA) was used as the analytical column. The 
buffer component of the mobile phase (0.05 M 
phosphate buffer) was prepared with deionized 
water and the pH was adjusted to 7.0. The 
mobile phase was filtered through a 0.45-μm 
nylon filter and degassed under ultra-sound 
and vacuum for 15 min. The mobile phase was 
delivered at a flow rate of 1 ml/min. The mobile 
phase consisted of acetonitrile: 0.05 M phos-

phate buffer (12:88, v/v). The assay was linear 
(R ≥ 0.99) and inter-day precision ranged from 
0.5-5.5%.

Morphological analysis

The ileal tissue of experimental animals was 
collected for morphological study by Hema- 
toxylin and Eosin (H&E) staining. Villus length 
was determined on HE stained ileal sections by 
measuring the distance in micrometers from 
the crypt neck to the villus tip. A minimum of 12 
well-oriented villi from each section were mea-
sured. The Chiu scale [16] of mucosal injury was 
used to evaluate the degree of histological 
alteration on ten 1 mm-thick sections of tissue, 
for a total measurement of 1 cm sample per 
animal. The scale consists of values from 0 to 
5, where 0 reflected normal mucosa: 1, devel-
opment of sub-epithelial (Gruenhagen’s) spac-
es; 2, extension of the sub-epithelial space with 
moderate epithelial lifting from the lamina pro-
pria; 3, extensive epithelial lifting with occa-
sional denuded villi tips; 4, denuded villi with 
exposed lamina propria and dilated capillaries; 
and 5, disintegration of the lamina propria, 
hemorrhage, and ulceration.

Statistics

The values of NaB concentration and plasma 
FD40 concentration are shown as means ± 
S.E.M. from three independent samples. The 

Figure 1. Lethalities after CLP. The curves represent 
the survival rate of sham, CLP, and CLP + NaB group. 

Figure 2. Intestinal permeability alteration. Stomach 
gavaged FD40 was used as the indicator for the per-
meability of gut mucosa. 4 h after stomach gavage, 
FD40 concentrations of blood plasma were mea-
sured using HPLC method. *P < 0.05 compared with 
sham. **P < 0.05 compared with CLP.
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significance of the difference between means 
was determined by analysis of variance. The 
level of significance was determined using 
Duncan’s multiple range test. Survival rates are 
compared for significance by Log-Rank test of 
Kaplan-Meier curve using statistical software 
package SPSS 13.0. 

Results

GI butyrate pharmacokinetics following Oral 
Administration

Butyrate acid is one of the essential SCFAs pro-
duced by bacterial fermentation mainly in the 
colon of mammals. The bioactive form of butyr-
ate acid is its negative ion. NaB as a stable 
sodium salt of butyrate, was used for introduc-
ing an exogenous supply of butyrate acid radi-
cals. Little is known about butyrate anion’s 
effect on the upper alimentary tract and small 
intestine. Thus it is worthy to investigate the 
kinetics of butyrate in the GI tract after oral 
intake. Animals fed with regular chow diet with 
or without the addition of NaB solution were 
subjected to butyrate concentration measure-
ments. The fresh GI chyme was sampled by 
laparotomy. Butyrate content from fecal mat-
ters of the stomach, jejunum, ileum, and cecum 
were examined. The butyrate concentration 
was constant in the cecum despite additional 
NaB. As shown in Table 1, undetectable 
amounts of butyrate (i.e. less than the sensitiv-
ity threshold of 0.01 mM) were observed in the 
stomach and small intestine of animals fed 
with normal chow, whereas a heightened level 
of butyrate was seen in the content of the proxi-
mal GI tracts of mice compulsively fed with NaB 
solution. The ingestion of NaB solution (0.2 g/
kg, twice daily) resulted in a NaB concentration 
of 2 mmol/kg in stomach chyme. After a certain 
amount of absorption by the stomach, butyrate 
concentration in the food mass remained con-
stant throughout subsequent digestive pro-
cesses of the small intestine.

NaB reduces mortality in peritonitic mice

As shown in Figure 1, CLP-induced peritonitis 
led to significant early stage death in experi-
mental mice. By the fifth day after CLP, more 
than 50% of the individuals have died. The 
remaining mice were able to survive the CLP 

injury as long as they made it through the first 
five days. The overall survival rate of the CLP 
group was 46.2% (6/13). Without cecal ligation 
and puncture, the sham surgery group showed 
no mortality. Mice fed with NaB demonstrated 
better outcomes with only three out of thirteen 
mice dying, leading to a 76.9% (10/13) survival 
rate after CLP. The difference between CLP and 
CLP + NaB group was statistically significant 
(Log-Rank Χ2 = 5.113 P = 0.024). Enteral admin-
istration of NaB proved to bear protective 
potential against peritonitis.

NaB attenuated the intestinal barrier perme-
ability in peritonitic mice

To further address the mechanisms through 
which NaB protects experimental animals 
against peritonitis and sepsis, we investigated 
whether the intestinal barrier integrity was 
altered by CLP as well as NaB (Figure 2). 
Fluorescence labeled macro-molecule FD40 
was used as a tracer of intestinal permeability. 
After enteral administration of FD40, the intes-
tinal permeability was represented by the plas-
ma FD40. In healthy animals, only a trace 
amount of FD40 was transmitted across the 
gut wall into the blood stream. In post-CLP ani-
mals, the plasma FD40 concentration 
increased to nearly 0.3 ug/ml, 6 folds higher 
than the sham group. However, plasma FD40 in 
CLP mice treated with NaB was reduced to 
0.13 ug/ml, suggesting that NaB significantly 
preserved gut barrier function in times of 
severe illness.

NaB alleviated the intestinal mucosal tissue 
damage caused by CLP and prompted tissue 
recovery

Intestinal histological changes were studied by 
H&E staining. The most dramatic microscopic 
injury was observed in the ileum. Figure 3 
showed ileal mucosa damage from CLP-
peritonitis. The left column (Figure 3A, 3C, 3E, 
3G, 3I, 3K) showed the time course of micro-
scopic tissue injury and recovery, with the most 
severe tissue harm seen 1 d after the onset of 
peritonitis. Significant villi destruction was 
seen, along with remarkable ulcerations and 
necrosis occurring at the upper tip portion 
(Figure 3E, inset). The recovery of villous struc-
tures in the ileal mucosa startedon the second 
day. The denuded villous tips were re-epithelial-
ized and complete restitution of the mucosal 
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structure was accomplished 4 d after the onset 
of peritonitis. The villi regained its original 
height and ulcerations at the tips were healed. 

In a side by side comparison, a smaller degree 
of mucosal damage followed by a quicker histo-
logical recovery was witnessed in the ileal tis-
sue sample of NaB fed mice (Figure 3B, 3D, 3F, 

3H, 3J, 3L). There was fewer ulceration and 
necrosis by the first day after CLP (Figure 3F). 
An injury scoring evaluation system showed 
similar results (Figure 3, bottom chart). In the 
re-construction of villous structure from the 
second day through the fourth day, the NaB fed 
group showed a quicker re-gaining of villous 
height (Figure 3H, 3J, 3L). 

Figure 3. Morphological change of ileum fol-
lowing CLP was alleviated by NaB. Mice ileal 
tissue was harvest at scheduled time point. 
Paraffin sections were H&E stained. Magnifica-
tion: ×200. Scale bars: 100 μm, 50 μm (insets 
of E and F). Lower chart: the injury scoring of 
the microscopic damages aforementioned. The 
data were shown in the mean ± SE. The sam-
ples were collected from three independent 
animals for each time point. Chiu scorings were 
done for 10 different fields of vision.
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Discussion

The human gut is not only a digestive tract, but 
also a gigantic warehouse of microbes. In 
healthy individuals, the flora is restrained in the 
lumen by a single barrier comprised of the con-
tinuous intestinal epithelium and intercellular 
junctions. In the event of severe sickness or 
stress, the intestinal barrier function can be 
impaired, thus allowing the microbes to translo-
cate beyond the gut lumen and give rise to sys-
temic infection. In critically ill patients, the 
pathogens of bacteremia are often Gram nega-
tive gut bacteria verifying the origin of the term 
“Gut-derived infection” [17]. Strengthening the 
intestinal barrier would be a promising way to 
reduce bacterial translocation. Numerous stud-
ies have been done in recent years seeking for 
intestinal barrier protective factors. Nutrients 
like glutamine and certain types of growth fac-
tors have been shown to safeguard gut barrier 
function [18-20]. CLP is a well-recognized 
model to mimic peritonitis and sepsis [14]. In 
this study, we proved that CLP animals showed 
increased gut permeability. We further used 
CLP mice to screen potential intestinal barrier 
protecting factors. NaB was found to enhance 
the integrity of mice GI mucosa under serious 
stress leading to better prognosis.

Butyrate acid is one of the SCFAs produced 
mainly within the colon lumen by bacterial fer-
mentation of undigested dietary carbohydrates. 
Normally, SCFAs function mainly as the energy 
fuel of the colon epithelium. So far, there has 
been no report about butyrate quantity in the 
small intestine, but a rationale postulation 
would be that the concentration is low because 
of two reasons. Firstly, saccharolytic bacterial 
fermentation occurs predominantly in the 
colon. Secondly, over 95% of SCFAs are rapidly 
absorbed and metabolized by the colonic epi-
thelium [21]. In this study, butyrate concentra-
tion in the proximal part of the GI tract was 
examined. In mice fed with regular diet, no 
detectable levels (or less than 0.01 mM) of 
butyrate was found in the chyme of the stom-
ach and small intestine. This finding proved 
that the upper GI tract has a blank background, 
which is ideally suited for observing the effect 
of enteral butyrate on the small intestine. 
Because SCFAs are weak acids (pKa ≈ 4.8) and 
more than 90% exist in the anionic status dis-
sociated form in the colonic lumen [22]. The- 

refore, sodium salt of butyrate was chosen for 
medication. The chyme sample from a different 
region of the GI tract of NaB fed mice was found 
to contain 1-2 mM butyrate anion. The NaB was 
absorbed only in the stomach, as implied by our 
data that there was a decrease in NaB after 
food mass passed through the stomach where-
as NaB density remained constant in the small 
intestine. 

NaB was observed to improve the survival of 
CLP mice in this study. Several possible under-
lying mechanisms might include the facilitating 
ability of NaB to dehydrate toxins, boost host 
immunity and repress the inflammatory reac-
tion. Two groups recently reported the protec-
tive effects of butyrate was intimately related 
to tight junctions. Ma X et al. reported that 
butyrate had a positive effect on the expres-
sion of tight junction proteins occludin and 
zonula occluden protein-1 in the IPEC-J2 cell 
model [12]. Wang HB et al. reported the up-reg-
ulatory effect of butyrate on tight junction pro-
tein Claudin-1 transcription [13]. Besides the 
well-studied inhibitory role of butyrate on HDAC 
function, it is reported that butyrate is suppres-
sive on hypoxia-inducible factor-1 (HIF-1) activi-
ty [23] in intestinal epithelial cells under hypoxic 
condition revealing another underlying mecha-
nism of its protective effects. In earlier studies, 
butyrate was shown to ameliorate dextran sul-
fate colitis by inhibiting heat shock protein 70 
(HSP70) expression and NF-kappaB activation 
[24]. Although most studies are consistent on 
the conclusion that butyrate has a protective 
role on intestinal barrier, it was also reported 
that butyrate could also induce colonic injuries 
and down-regulate intestinal trefoil factor gene 
expression both in vivo and in vitro [25].

Our observations from the intestinal mucosa 
integrity and permeability assay provided evi-
dence that NaB increases CLP animal survival 
through, or at least partially through, strength-
ening of the epithelial barrier. Moreover, mor-
phological observations yielded consistent 
results. NaB treatment alleviated CLP associ-
ated epithelial tissue damage and sped up tis-
sue restitution. The most prominent morpho-
logical effect of NaB was observed in the ileum. 
These findings suggested that enteral NaB has 
a profoundly positive effect from the proximal 
GI tract to the cecum. The elevated permeabili-
ty of the small bowel in peritonitis is harmful, 
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however, it can be partially reversed by NaB 
treatments.

Conclusion

In summary, the present study demonstrated 
that treatment with NaB alleviates peritonitis-
associated mortality through strengthened 
intestinal barrier function in mice CLP models. 
Taking considerations that NaB protects intesti-
nal barrier function through a various of under-
lying mechanisms, in support of the previous in 
vitro studies, we evaluated NaB administration 
in vivo hoping to provide new insights in the 
exploration of treating intestinal barrier dam-
age related diseases. 
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