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Sodium Butyrate Ameliorates Intestinal Injury and Improves
Survival in a Rat Model of Cecal Ligation
and Puncture-Induced Sepsis

Jiahong Fu,' Guofu Li,' Xingmao Wu,' and Bin Zang®"*

Abstract— Sepsis is a life-threatening condition with a high rate of mortality. Unfortu-
nately, very few therapies can improve outcomes in patients with sepsis. Butyrate, which is
the most potent histone deacetylase (HDAC) inhibitor among short-chain fatty acids, exerts
anti-inflammatory effects in a variety of inflammatory diseases. Butyrate might thus be
valuable in the treatment of sepsis, in which inhibition of overwhelming cytokine release is
vitally important. Sepsis was induced in 7- to 8-week-old Sprague-Dawley rats by cecal
ligation and puncture (CLP) with a 21-g double-puncture technique. Rats received an
intravenous injection of normal saline (vehicle) or sodium butyrate (200 mg/kg) after CLP
and were sacrificed 12 h later. Hematoxylin and eosin staining was performed to observe the
intestinal mucosal morphology. RT-PCR and ELISA were used to determine the intestinal
inflammatory response in vivo. Intestinal permeability was evaluated by measuring fluores-
cein isothiocyanate dextran (FD-4) absorption in vivo, and tight junction protein expression
was examined by western blot. NF-kB p65 activities were assessed by western blot and
immunohistochemistry. Sodium butyrate treatment improved the survival rate of CLP rats
and alleviated sepsis-induced intestinal mucosal injury. Proinflammatory cytokine expression
was lower in butyrate-treated rats than in the vehicle group. FD-4 leakage from the intestinal
tract was reduced, and the expression levels of the tight junction proteins claudin-1 and ZO-1
were also restored in rats that received sodium butyrate treatment. These effects were
associated with less NF-kB p65 nuclear translocation, whereas the expression of Ik-Ba
was not affected or even increased. Sodium butyrate mitigates the inflammatory response
and maintains intestinal barrier function in polymicrobial sepsis partly through inhibition of
NF-«B activation and may serve as a novel therapy for sepsis.
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for use in patients [2]. Because few methods can improve
outcomes in patients with sepsis, it is imperative that other
therapeutic options be explored.

In human sepsis, the intestine is the first organ to be
targeted. Intestinal dysfunction often leads to augmented gut
permeability, resulting in the translocation of intestinal
microbes and/or their products. The gut also becomes a
proinflammatory organ that promotes deleterious effects in
distant organs, even without the need for systemic bacterial
translocation [3]. Thus, by acting as a motor that both drives
and perpetuates multiple organ dysfunctions [4], the gut
plays a pivotal role in the pathophysiology of sepsis. Thus,
one promising therapeutic strategy is urgently needed to
diminish or turn off the “motor” of organ failure in sepsis.

Butyrate has recently emerged as a potent anti-
inflammatory agent that reduces the production of proinflam-
matory cytokines, both in vivo and in vitro. It is a product of
the bacterial fermentation of dietary fiber, which plays an
important physiological role in maintaining the health and
integrity of the colonic mucosa [5]. The available data suggest
that butyrate can suppress the LPS- and cytokine-stimulated
production of proinflammatory mediators such as TNF-«, IL-
6, and NO by immune cells [6]. In addition, it exerts a
protective effect in different rodent animal models against
inflammatory-related injuries [7—11]. Because the pathogen-
esis of sepsis also depends on the activation of cytokine
responses, butyrate might also be protective in sepsis. It has
already been shown that sodium butyrate (NaB) can inhibit
the lethality of severe sepsis in rats and reduce multiple organ
damage associated with severe sepsis [12, 13]. However,
whether NaB also protects against sepsis-induced intestinal
injury remains uninvestigated. Thus, we decided that it would
be valuable to study the effect of NaB on the intestinal
mucosa in the setting of sepsis.

MATERIAL AND METHODS

Animals

Male Sprague-Dawley rats weighing 200-220 g
obtained from Changsheng Biotechnology (Changchun, Chi-
na) were housed individually under standard conditions (12-h
light/dark cycles with a room temperature of 22-24 °C).
Sixty-six rats were randomly divided into a sham operation
group, vehicle-treated group (referred to as the CLP group),
and NaB-treated group (referred to as the CLP + NaB group;
n =22 per group). Rats were housed for 3 days before
manipulation and fasted overnight before the surgical proce-
dure. The sepsis model was induced via the cecal ligation and
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puncture (CLP) method as previously described [14]. In short,
the peritoneal cavity was opened under isoflurane inhalation
anesthesia. The cecum was eviscerated, and one-third of the
distal cecum was ligated using a 3—0 suture and punctured
through and through (two holes) with a 21-gauge needle. The
punctured cecum was squeezed to expel a small amount of
fecal material and returned to the peritoneal cavity. The
abdominal incision was closed in two layers with 4-0 silk
suture. Animals were resuscitated via subcutaneous injection
of 1 ml saline immediately after the operation. Sham-operated
animals were handled in the same manner, except that the
cecum was not ligated or punctured.

In the NaB treatment group, rats were intravenously
injected with 200 mg/kg NaB (Absin, Shanghai, China) 1 h
after the CLP operation and 8 h later. Equal volumes of
normal saline were administered to the sham operation and
vehicle-treated (CLP) groups. To determine the effect of NaB
on mortality from CLP-induced sepsis, survival after CLP
was assessed four times a day for at least 7 days and the
cumulative survival curve was plotted using the Kaplan-
Meier method. All experiments were performed in accor-
dance with National Institutes of Health guidelines and with
the approval of the local ethics committee of China Medical
University.

Histological Investigation and Immunofluorescence
Staining

Ileal samples were removed and placed in 4% buft-
ered formaldehyde, dehydrated, embedded in paraffin, and
sectioned into 4-pum-thick sections. Hematoxylin and eosin
staining was then performed. Intestinal injuries were eval-
uated using Chiu’s scoring system [15]. Two observers
who were unaware of the group assignments performed
all of the damage assessments.

For immunofluorescence staining, frozen sections were
obtained and mounted on slides, which were then washed
with PBS and blocked with 5% normal goat serum for 1 h at
room temperature. Primary antibodies against ZO-1 and
claudin-1 (1:100; Wanleibio, Shenyang, China) were added
to the slides and incubated overnight at 4 °C in a humidity
chamber. After washing, the sections were incubated with
FITC-conjugated secondary IgG antibodies for 4 h at room
temperature. The slides were again washed extensively and
stained with DAPI for 10 min. Staining was visualized under
a Nikon 300 microscope. The expression of NF-kB p65 in
formalin-fixed and paraffin-embedded ileal tissues was
assessed by immunohistochemistry. Sections were incubated
with 1:100 diluted specific anti-rat NF-kB p65 antibodies
(Proteintech, Chicago, USA).
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Quantitative Polymerase Chain Reaction Analysis of
RelA, IL-13, TNF-«, IL-6, and iNOS

Total RNA was extracted from the intestine using a
TRIzol Reagent Kit (Takara, Japan) according to the man-
ufacturer’s instructions, and the quality and concentration
of the RNA were verified by spectrophotometry with a
NanoDrop™ apparatus (Implen, Germany). cDNA was
generated from 1 pg of total RNA in a 20-pl reaction
volume using a PrimeScript™ RT Reagent Kit (Takara).
RelA (p65), IL-13, TNF-«, IL-6, and iNOS mRNA levels
were quantified by real-time quantitative (q) reverse-
transcriptase polymerase chain reaction (RT-PCR) based
on SYBR green labeling with a Light Cycler 480 real-time
system from Roche, Co. Ltd. (Switzerland). The specific
primers (Shenggong, Shanghai) used to amplify the
mRNAs are listed in Table 1; {3-actin was used as an
internal control. Melting curve analysis and real-time
qRT-PCR data were analyzed using the 2*““ method.

Evaluation of Cytokines in Intestinal Tissues

The levels of TNF-o and IL-6 in ileal tissues were
tested using ELISA kits (SAB, Maryland, USA) according
to the manufacturer’s instructions. Briefly, 100 pl of the
homogenate supernatant was added to each well, which
had been coated with the corresponding primary antibody,
and then 100 pl of the biotin conjugate was added. After
the addition of 100 pl of streptavidin-HRP and the sub-
strate, the absorbance was measured at 450 nm. Then, the
levels of TNF-ox and IL-6 were calculated by standard
curves that were acquired according to the instructions.

Measurement of Intestinal Permeability In Vivo

Intestinal permeability to FITC-dextran (FD-4; mo-
lecular weight, 4000 Da; Sigma-Aldrich, USA) was
assessed using the method of Martin et al. [16]. Briefly,
an animal was anesthetized using an intraperitoneal injec-
tion of sodium pentobarbital (40 mg/kg). Then, a 2-cm,
median laparotomy incision was made and a 10-cm seg-
ment of the distal ileum, with preserved superior
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mesenteric vessels, was dissected 3 cm proximal to the
cecum. The two ends of the isolated intestinal segment
were ligated. One milliliter of FD-4 was injected into the
lumen, and the 10-cm intestinal segment was carefully
returned to the abdomen, covered, and protected with
gauze soaked in warm saline. After 30 min, a blood sample
was taken through cardiac puncture and serum was isolated
using centrifugation at 3000xg for 10 min at 4 °C. Serial
dilutions of FD-4 were made to generate a standard curve,
and the serum concentrations of FD-4 were determined
using a fluorescence microplate reader (ELX808IU; Bio-
Tek, USA) with an excitation wavelength of 492 nm and
emission wavelength of 518 nm. Serum concentrations of
FD-4 in the CLP and NaB-treated groups were normalized
to the FD-4 concentration of the sham operation group.

Western Blot

Ileal tissues were homogenized in RIPA lysis buffer
and a proteinase inhibitor cocktail (1:100; Beyotime, Hai-
men, China). Lysates were clarified by centrifugation at
13000xg for 30 min at 4 °C. The supernatant was collected,
and protein concentrations were quantified using the BCA
assay. Cytoplasmic and nuclear extracts were prepared
using the Minute™ cytoplasmic and nuclear extraction
kit (Invent Biotechnologies, Inc., Eden Prairie, MN,
USA) according to the manufacturer’s instructions. The
sample was denatured at 100 °C for 5 min, separated by
10% SDS-PAGE gel, and then transferred to a PVDF
membrane at 100 V for 1 h. The membrane was blocked
with 5% nonfat milk dissolved in Tris-buffered saline
Tween-20 (TBST) overnight at 4 °C. Western blot analysis
was performed with a specific primary antibody against
NF-kB p65 (Proteintech), ZO-1, claudin-1, Ik-Ba, histone
protein 3 (1:500; Wanleibio), and {3-actin (1:1000; Absin).
Histone protein 3 was used as an internal control of nuclear
extracts, and {3-actin was used as an internal control of
cytosolic extracts and of total protein extracts for the tissue.
The results were expressed as the relative density to (3-actin
or histone protein 3 and then normalized to the mean value
of the control group.

Table 1. Specific Primers Used to Amplify Target Genes in RT-PCR

Forward (5'-3")

Reverse (3'-5")

NE-kB TCGCCACCGGATTGAAGAAA
TNF-o GCATGATCCGAGATGTGGAACTGG
IL-13 AAATGCCTCGTGCTGTCTGA

IL-6 AGGAGTGGCTAAGGACCAAGACC

iNOS GGTGAGGGGACTGGACTTTTA

CTCGGGAAGGCACAGCAATA
CGCCACGAGCAGGAATGAGAAG
AGGCCACAGGGATTTTGTCG
TGCCGAGTAGACCTCATAGTGACC
GTGACTTTGTGCTTCTGCACC
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Statistical Analysis

Data are expressed as means = SEM. For survival,
Kaplan-Meier plots were used and assessed using a log-
rank test. Statistical analysis was performed by one-way
ANOVA of repeated experiments followed by Bonferroni’s
multiple group comparison with Prism 7 (GraphPad). A p
value < 0.05 was considered statistically significant.

RESULTS

NaB Alleviates Gut Injury and Improves Survival in
CLP Rats

To determine the effects of NaB on CLP-related intesti-
nal injury, we evaluated the histology of ileal specimens
stained with hematoxylin and eosin (Fig. 1a—i). The ileal
tissues from sham operation rats showed minimal inflamma-
tion. The ileal tissues from vehicle-treated rats showed severe
inflammatory cell infiltrate, disruption of intestinal villi, and
diffuse intestinal wall thickening after CLP. Compared with
vehicle-treated rats, NaB-treated rats showed less inflamma-
tory cell infiltrate and alleviated villus injury and gut wall
edema in the ileum. Thus, the histological changes induced by
CLP in the gut were effectively mitigated by NaB treatment.
The histologic damage to the intestinal mucosa induced by
CLP was also assessed based on Chiu’s grading scale, which
is shown in Fig. 1.

Survival was evaluated using Kaplan-Meier survival
curves. As shown in Fig. 2, a decline in the survival rate
was found in all CLP groups. Rats treated with NaB had
significantly higher survival than CLP rats (22% vs. 50%
mortality, p < 0.05).

NaB Reduces Proinflammatory Cytokine Production

Because TNF-« and IL-6 are considered prominent
components of the cytokine network during sepsis, we
used ELISA to determine the levels of TNF-o and IL-6
in intestinal tissue to further evaluate the role of the over-
whelming inflammation in the small intestine. The concen-
trations of the two proinflammatory factors were increased
in the vehicle-treated group, whereas butyrate markedly
inhibited the CLP-induced elevation of both proinflamma-
tory cytokines (p < 0.01; Fig. 3).

NaB Treatment Restrains Proinflammatory Cytokine
mRNA Expression

To test whether the butyrate-mediated inhibition of
cytokine production occurred at the transcriptional level,
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we determined the mRNA levels of cytokines using RT-
PCR. We found that there was a significant increase in the
mRNA levels of RelA (p65), IL-6, TNF-«, and IL-1§3 in
CLP-challenged rats, which was downregulated after bu-
tyrate treatment (Fig. 4). All of these results suggest that
butyrate treatment restrained the CLP-stimulated expres-
sion of cytokine mRNAs in the small intestine.

NaB Treatment Protects Against Intestinal Barrier
Disruption During CLP-Induced Sepsis

Because the above results showed a reduced inflam-
matory response after NaB treatment, intestinal barrier
function was evaluated in the groups to investigate its role
in the development of the polymicrobial sepsis induced by
CLP. As shown in Fig. 5c, rats in the CLP group had an
approximately threefold increase in serum FD-4 compared
with the sham and NaB-treated groups (p < 0.05). We then
examined the localization and expression of the tight junc-
tion proteins claudin-1 and ZO-1 by immunofluorescence
and western blotting. Claudin-1 was mainly immunolocal-
ized at the cell apices and the lateral cell membrane in the
intestine epithelium. In contrast, ZO-1 was immunolocal-
ized to the cytosol. The expression of both tight junction
proteins was restored in CLP rats treated with NaB. How-
ever, no significant changes in the localization of the two
tight junction proteins were observed (Fig. 5a and b). The
expression levels of claudin-1 and ZO-1 were also restored
in NaB-treated rats on western blot analysis (Fig. 5d and e).
These findings indicate that intravenous administration of
NaB suppresses damage to the intestinal mucosal barrier
during sepsis.

NaB Treatment Suppresses NF-kB Activation in Ileal
Tissues from CLP Rats

As a transcription factor, NF-«B regulates the expres-
sion of a variety of genes involved in inflammation and
immunity and is also considered to be a central regulator of
inflammation. Accordingly, we evaluated NF-kB p65 ac-
tivation to investigate the mechanism of action of butyrate
by assessing p65 levels in nuclear, cytosolic, and total
protein extracts. As shown by immunohistochemistry
(Fig. 6a—f), NaB-treated rats exhibited decreased nuclear
accumulation of p65 in ileal tissue compared with vehicle-
treated rats. These results were supported by western blot
analysis (Fig. 6g and h), with the nuclear levels of p65
significantly increased after CLP treatment. In contrast,
this increase in p65 nuclear accumulation was effectively
suppressed by butyrate treatment. The nuclear/cytosolic
ratios of p65 were 0.51+0.23, 3.83+1.91, and 0.53 £
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Fig. 1. Effects of NaB on intestinal histology. a—i Histological sections of the ileum harvested 12 h after CLP application in rats with and without NaB
treatment. The ileal specimens were stained with hematoxylin and eosin. The sham operation group showed normal intestinal mucosa, whereas tissues from
the vehicle-treated group showed ground neutrophil infiltration (open arrow), mucosa edema (solid black arrow), and villus shrinkage (dotted arrow)

compared with the sham operation. However, histological changes were markedly ameliorated after NaB treatment (magnification x 100, x 200, and x 400 in
the upper, middle, and bottom panels). j Chiu’s score of intestinal specimens in each group. The vehicle group had a significantly higher score than the sham

group, which was significantly reduced by butyrate treatment (*p < 0.05, **p <0.01).
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Fig. 2. NaB treatment protects against CLP-induced lethality. Septic rats were treated with NaB and observed. A significant difference in survival was seen
between the vehicle- and NaB-treated groups at 72 h (rn = 10 rats per group, p < 0.05).

0.37 in the sham operation, CLP + vehicle, and CLP + NaB
groups, respectively (p <0.01). Because NF-kB is tightly
regulated by Ik-Ba, Ik-Bax was also examined in the
protein extracts. Both cytosolic and nuclear protein extracts
showed a notable increase in the Ik-Ba concentration,
resulting in an overall increase in Ik-Ba in NaB-treated
rats.

DISCUSSION

The gut, which has long been hypothesized to be the
“motor” of multiple organ dysfunction syndrome, plays a
pivotal role in the pathological process of sepsis [17].
However, the role of butyrate in the small intestine during
sepsis has rarely been investigated. Previous studies
showed that butyrate exerted a protective effect on multiple
organ damage in sepsis, with butyrate lowering the mor-
tality rate [12]. In addition, butyrate attenuates the inflam-
matory response and reduces lung and heart injury in a
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mouse endotoxin-induced sepsis model [18, 19]. In this
study, we used the CLP model that closely mimics the
progression and characteristics of human sepsis [20] to
investigate the effects of NaB on sepsis-induced intestinal
injury in ileal tissues. We found that intravenous injection
of NaB attenuated the production of proinflammatory cyto-
kines and protected against intestinal barrier disruption.
Consistent with previous studies, the mortality rate related
to the CLP procedure was also lowered. In addition, the
protective effects of NaB were significantly correlated with
its ability to inhibit NF-kB activation. Specifically, NaB
was applied after the onset of sepsis, suggesting a promis-
ing potential clinical application. These findings suggest
that inhibition of NF-kB activation by NaB after the onset
of sepsis might be an option for suppressing the systemic
inflammatory response and downstream organ injury
caused by microbial infection.

The release of large amounts of inflammatory medi-
ators including cytokines and chemokines caused by over-
activation of the innate immune system is often regarded as

TNF-a

o

Fig. 3. Effects of butyrate on IL-6 and TNF-« levels in ileal tissues. Butyrate treatment reduced IL-6 and TNF-« production in the ileal tissue of the CLP rats.
Tissue homogenates were prepared to determine the levels of IL-6 and TNF-« by ELISA. The proteins in the intestinal samples were quantitated using the

BCA assay to normalize the cytokine levels in the gut tissue (*p < 0.05).



~ Y o~ o

Fold increase of control

Fold increase of control

o

a “cytokine storm” that contributes to septic shock and
even multiple organ failure. The levels of cytokines such as
IL-6 and TNF-« are significantly increased during the
early phase of sepsis in septic patients [21] and in animal
models of sepsis [22]. Of the proinflammatory cytokines
inhibited by butyrate, TNF-« acts as an activator of NF-xkB
[23], a transcription factor that is considered to be critically
involved in the pathogenesis of sepsis [24]. Lowered TNF-
o production could result in reduced NF-kB pathway
activation, leading to even less proinflammatory cytokine
production. In the present work, butyrate decreased IL-6
and TNF-« levels in ileal homogenates and resulted in
reduced neutrophil infiltration and intestinal mucosal inju-
ry after CLP. Consistent with the decreased cytokine pro-
duction observed in our study, the mRNA levels of several
cytokines were also declined in the small intestine during
sepsis, suggesting that NaB may regulate the inflammatory
response at the transcriptional level. Thus, it is reasonable
to speculate that, by inhibiting proinflammatory produc-
tion, butyrate injection helps to block the vicious “cytokine
storm” cycle that frequently occurs during severe sepsis.
Sepsis is associated with disturbed gut barrier func-
tion, which facilitates the translocation of pathogens and
their toxins into the systemic circulation [25]. Although
butyrate is known to enhance the barrier function of the
colonic mucosa, its role in the small intestine is far from
being understood. In our study, claudin-1 and ZO-1 ex-
pression levels were significantly increased after NaB treat-
ment; the permeability of the small intestine to large mol-
ecules was consequently reduced as well. Some proinflam-
matory cytokines such as IL-6 and TNF-« have been found
to contribute to the disruption of intestinal epithelial barrier
function [26]. Hence, maintenance of epithelial integrity in
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Fig. 4. Butyrate treatment decreases proinflammatory cytokine mRNA expression in the ileum of rats subjected to CLP. The total RNA in ileal tissues was
extracted to detect the mRNA levels of NF-kB (p65), TNF-«, IL-6, IL-13, and iNOS by qPCR. 3-actin was used as the internal control. The target mRNAs in
the sham group were normalized to 1 to analyze the cytokine concentrations in the ileal tissues. *p < 0.05, **p < 0.05; n> 6 rats per group.

the NaB-treated rats might be attributed to inhibition of
proinflammatory cytokine secretion in the small intestine.

In septic patients, increased nuclear NF-kB expres-
sion is associated with higher rates of mortality and worse
clinical outcome [24]. The NF-kB transcription factor is
part of a family that comprises several subunits that form
homo- and heterodimers. The primary level of regulation
of NF-kB activity is through its retention in the cytoplasm
via its interaction with Ik-B«x. In response to various stim-
uli, the Ik-B is dislocated, and the activated transcription
factor translocates to the nucleus, where it induces a large
number of target genes that most commonly trigger the
release of cytokines and chemokines and recruit inflamma-
tory cells [27]. In our study, the nuclear translocation of
NF-kB p65 coupled with the secretion of proinflammatory
cytokines was observed to be increased in the ileum of
septic rats, which was effectively reduced by butyrate
treatment at 12 h after sepsis induction. The results suggest
that butyrate is capable of ameliorating the early phase of
sepsis-related inflammatory responses mediated by NF-
kB-induced proinflammatory cytokine release.

The suppressive effect of butyrate on NF-kB nuclear
translocation might be mediated by its inhibitory effects on
histone deacetylase 3 (HDAC3) [28, 29]. The strength and
duration of NF-kB activity are regulated by its post-
translational modification, such as (de)acetylation [30],
and butyrate is the most potent short-chain fatty acid in-
hibitor of HDAC [31]. The available evidence suggests
that the acetylation of specific lysine sites could reduce
the ability of p65 to bind to kB DNA, which facilitates its
removal from kB DNA and consequently promotes [k-Bx-
mediated export of p65 from the nucleus to the cytoplasm
[32-34]. Our results appear to be in line with this theory.
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Fig. 5. Butyrate administration protects against intestinal barrier disruption in CLP-treated septic rats. Localization of claudin-1 (a), ZO-1 (b), and DAPI
within ileal sections assessed by immunofluorescence from septic rats and controls. Tight junction proteins (green) and DAPI (blue); merged tight junction
proteins and DAPI are presented. Scale bar = 100 um. Original magnification, x 100. The effects of NaB treatment on intestinal permeability to FD-4 (¢). CLP
significantly enhanced the intestinal permeability to FD-4, whereas NaB treatment mitigated intestinal permeability to FD-4. Data were normalized to those of
the sham operation group. n = 6 rats per group. The protein levels of claudin-1 and ZO-1 in the intestinal mucosa were measured by western blot (d) and
quantified by densitometry (e). N =6 rats per group. Data are presented as mean + SEM of three independent experiments (*p < 0.05, **p <0.01).
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Fig. 6. Treatment with NaB effectively inhibits NF-kB nuclear translocation in the small intestine of CLP rats. Treatment with NaB reduced p65 nuclear
translocation (black arrow), as shown by immunohistochemistry (a—c, x 200; d—f, x 400). Western blotting was performed to detect RelA (p65) and Ik-Bx in
nuclear, cytoplasmic, and total protein extracts from ileal tissue using specific antibodies. p65 was reduced in the nuclear compartment in the ileum of rats
treated with NaB compared with vehicle-treated (CLP) rats. The overall p65 expression in the total protein extracts was reduced in parallel with the changes in
p65 that occurred in the nucleus. Ik-Ba levels in the small intestine were unaffected or even increased in the intestinal extracts. The quantitative changes in the
levels of p65 and Ik-B« are indicated to the right of the panels (h). The results represent three independent experiments (n = 6 rats per group; *p <0.05,

#5p < 0.01).

With the potential to effectively inhibit HDACs, butyrate
reduced p65 nuclear accumulation, leading to decreased
transcription of a series of proinflammatory cytokines,
such as TNF-«, IL-6, and IL-1p and even NF-«B itself.
Importantly, it seems that short-term inhibition of NF-xB
does not compromise a host’s bacterial defense [35].

Therefore, this evidence provides a rationale for the med-
ical application of butyrate in the treatment of sepsis.

The resynthesis of [k-B proteins induced by activated
NF-kB is one of the well-accepted mechanisms for termi-
nation of the NF-kB response. The Ik-Bx gene is one of
the target genes activated by NF-«B [36]. Newly
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synthesized Ik-Ba then enters the nucleus, removes NF-
kB from the DNA, and relocalizes it to the cytosol. Inter-
estingly, because the expression of Ik-B«x is also induced
by activation of NF-kB, in contrast to the reduced cytokine
expression, the expression level of Ik-Bx in cytoplasmic
extracts was found to be upregulated after NaB treatment in
our study. Similar findings were observed for another drug
targeting NF-«kB in the treatment of sepsis-induced lung
injury [37]. The increased Ik-Ba expression may also be
attributed to NF-kB acetylation. Acetylation of p65 at
some specific sites has been shown to increase its binding
to kB enhancers [23, 38] and to clevate NF-kB gene
expression [39]. Thus, acetylation at different sites of p65
mediated by butyrate through its HDAC inhibitory activity
might result in contrasting effects on its gene transcription.
Nevertheless, this association needs further investigation.

HDAC inhibition may also have proinflammatory
effects. Thus, the role of HDAC inhibition in inflammatory
diseases appears to be double-edged. The effects of HDAC
inhibition on NF-kB activation might also be dependent on
the cell type, stimulus, and diseases status [40].

The present study has some limitations to be acknowl-
edged. First, we only measured selected cytokines and
explored limited pathways. Many more mechanisms are
likely to be involved in the pathophysiology of sepsis.
Thus, whether the use of NaB affects other septic molecu-
lar pathways needs further investigation. The dosage of
NaB for rats was selected according to the results of
toxicology and pharmacokinetic studies of the drug [41],
as well as previous studies [12, 13, 42]. In our study, NaB
was administered again 8 h after the first dose to compen-
sate for its short in vivo plasma half-life [41]. Thus, a more
comprehensive assessment is warranted using a variety of
sepsis models to better define the optimal timing and
degree of NF-kB inhibition to minimize the gut injury
caused by sepsis while preserving host defense.

CONCLUSION

In summary, the results of our study demonstrated
that butyrate, when given after sepsis induction, could
inhibit NF-kB activation and thereby regulate the secretion
of inflammatory cytokines and mitigate the detrimental
effects of sepsis on barrier function in the small intestine
of septic rats. The findings presented in this study justify
further optimization and investigation of butyrate as a
HDAC inhibitor with the aim of developing it as an anti-
inflammatory drug for application in sepsis.
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