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Background: Rapid influx of energy caused by fasting/refeeding repeatedly enhances fatty acid synthesis
leading to triacylglycerol accumulation and production of reactive oxygen species (ROS), increasing the
risk of non-alcoholic steatohepatitis (NASH). Previous studies have reported that the ingestion of
butyrate is effective at preventing hepatic disorders, which are accompanied by fat accumulation and
inflammation. The aim of this study is to reveal the mechanism of action of butyrate, and thus we
investigated the effects of dietary butyrate on the expressions of antioxidant enzymes in the livers of rats
during refeeding following fasting.
Methods: Thirty-seven male rats were divided into six groups (6e7 animals per group): non-fasting,
fasting, refeeding with a high sucrose diet as control for 12 or 24 h, and refeeding with a high sucrose
diet containing 5% sodium butyrate (NaB) for 12 or 24 h. All groups except the non-fasting group were
fasted for 72 h before refeeding. Statistical analysis was conducted among 4 refeeding groups (refeeding
with the control diet for 12 or 24 h, and refeeding with a diet containing NaB for 12 or 24 h).
Results: Supplementation with NaB significantly reduced (p < 0.05) fatty acid synthase (Fas) gene
expression and increased the expression of the carnitine palmitoyltransferase 1a (Cpt1a) gene, resulting
in reduced triacylglycerol content in the livers of rats refed the NaB diet compared with controls at 24 h
after the start of refeeding. The mRNA levels of the genes related to glutathione synthesis were signif-
icantly higher (p < 0.05) in the livers of the butyrate group than the control group. In addition, the mRNA
level of Foxo3a, a transcription factor that regulates the expressions of antioxidant enzymes, was higher
in the butyrate group than controls. The acetylation levels of histone H4 around the Foxo3a gene tended
to be increased (p ¼ 0.055) by refeeding with the NaB diet.
Conclusion: NaB supplementation in the diet for refeeding reduced the rate of lipid synthesis and
stimulated fatty acid oxidation in the liver, which inhibited fat accumulation and the risk of NASH. The
transcriptional regulation of Foxo3a involves histone acetylation around the gene.
© 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The liver coordinates a series of metabolic adaptations during
feeding and fasting to enable the continuous production and delivery
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of energy to critical organs. During starvation, the liver releases
glycogen-derived glucose into the circulation, followed by the pro-
duction of de novo glucose from amino acids. Then, fatty acid oxida-
tion is enhanced to provide ketones as an alternative energy source
[1]. Rapid carbohydrate influx, such as refeeding after starvation,
enhances fatty acid synthesis, leading to triacylglycerol accumulation
in the liver. In addition, disturbances in energymetabolism related to
repeated dietary restrictions and rebound effects to overeating are
considered as risk factors for non-alcoholic fatty liver disease
(NAFLD), the incidence of which has increased in recent years [2].
Although NAFLD is a benign and simple steatosis, a recent study re-
ported that 1%e3% of Japanese adults have nonalcoholic steatohe-
patitis (NASH) [3]. When fatty acids are rapidly oxidized in
mitochondria and peroxisomes in the liver, high levels of reactive
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Table 1
Diet composition (g/kg).

Diet before starvation Diet for refeeding

Control NaB

А-Corn starch 629 229 179
Sucrose 200 400 400
Casein 200 200 200
Corn Oil 70 70 70
Sodium butyrate e e 50
Fiber (Cellulose) 50 50 50
AIN93G-Mineral mixture 35 35 35
AIN93G-Vitamin mixture 10 10 10
L-Cystein 3 3 3
Choline bitartrate 2.5 2.5 2.5
Tert-Butylhydroquinone 0.014 0.014 0.014

Total 1000 1000 1000
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oxygen species ROS are produced that function as apoptotic signals
[4]. Therefore, excessive mitochondrial function might induce
excessive oxidative stress, which leads to the increased expression of
inflammatory cytokines and further progression to NASH [5].

Short-chain fatty acids (SCFAs) such as acetate, propionate, and
butyrate are generated by the bacterial fermentation of dietary fi-
ber in the colon. Inulin and guar gum have protective effects for
high-fat diet-induced obesity and hepatic steatosis, and it was
suggested that these effects of dietary fibers are related to SCFAs
[6,7]. Previous studies reported that butyrate reduced liver damage
in several animal models [8,9]. In a rat model of type 2 diabetes
induced by combination of a high-fat diet and a low-dose strep-
tozotocin injection, the daily intraperitoneal injection of sodium
butyrate (NaB) suppressed fat accumulation and gluconeogenesis
in the liver as effectively as metformin [8], a drug for diabetes.
C57BL/6J mice fed a Western diet fortified with fructose, fat, and
cholesterol for 6 weeks developed NASH, while supplementation
with NaB led to reduced liver steatosis and hepatic inflammation
without any effects on body weight gain [9].

Butyrate has multiple effects on mammalian cells including in-
hibition of proliferation, induction of differentiation, and induction
or repression of gene expression. It was suggested that these effects
are derived in part by the inhibition of histone deacetylase (HDAC)
activity. Butyrate inhibits most HDAC except for class III HDAC and
class II HDAC6 and HDAC10 [10]. Acetylation of histones H3 and H4
is a pivotal post-translational modification related to chromatin
structure alterations and transcriptional regulation around the
genes [11]. Indeed, among SCFAs, butyrate was shown to prevent
high fat-diet induced hepatic insulin resistance [12]. However,
Table 2
Effects of refeeding a control diet or a diet containing sodium butyrate after starvat

non-Fasting (n ¼ 6) Fasting (n ¼ 7)

Food consumption (g) e e

Liver weight (g/100g BW) 4.39 ± 0.10 2.71 ± 0.05
Liver triacylglycerol (mg/g liver) 7.83 ± 0.14 6.30 ± 0.45
Serum triacylglycerol (mg/dL) 152 ± 15 20.4 ± 2.7
Serum glucose (mg/dL) 160 ± 6 134 ± 9
Serum insulin (ng/mL) 1.04 ± 0.13 0.07 ± 0.00
Serum b-hydroxybutyrate (nmol/mL) 0.06 ± 0.02 1.32 ± 0.32

Data are expressed as means ± SEM for 6e7 rats.
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwa
a-b: Different letters indicate significant differences (p < 0.05).
whether butyrate acts as an HDAC inhibitor to affect lipid meta-
bolism and antioxidant systems in the liver is poorly understood.

Refeeding after fasting markedly changes energy metabolism,
especially in the liver, where large amounts of carbohydrates and
lipids flow from the portal vein, and enhanced mitochondrial
functions and antioxidant mechanisms are required to effectively
process them. Feeding with a high sucrose diet after fasting is
thought to be a risk for NASH that is associated with fat accumu-
lation and oxidative stress in the liver. A previous study showed
that drinking a sucrose solution for 9 weeks induced insulin
resistance and steatosis in rats [13]. The aim of this study is to
reveal themechanism of action of butyrate, andwe investigated the
effect of the administration of NaB with a high sucrose diet after
fasting on the expressions of genes related to energy metabolism
and antioxidant systems in the liver.
2. Material and methods

2.1. Animals

Six-week-old Sprague-Dawley male rats (SLC, Hamamatsu,
Japan) were maintained under a stable temperature (23 ± 2 �C) and
humidity (55 ± 5%) with a light-dark cycle (7:00e19:00) according
to the National Institutes of Health Guide for the Care and Use of
Laboratory Animals. Rats with free access to a diet shown in Table 1
and tap water for 8e9 days. Thirty-seven rats were divided into six
groups: non-fasting (n ¼ 6), fasting (n ¼ 7), refeeding with a high
sucrose diet as a control for 12 h (n ¼ 6) or 24 h (n ¼ 6), and
refeedingwith a high sucrose diet containing NaB for 12 h (n¼ 6) or
24 h (n¼ 6). All groups except the non-fasting groupwere fasted for
72 h and then refed the control diet or the diet containing 5% NaB
(Table 1) for 12 or 24 h. Each group was sacrificed under isoflurane
inhalation anesthesia between 9:00 and 11:00 and the serum and
livers were collected. The experimental procedures conformed to
the guidelines of the Animal Usage Committee of the University of
Shizuoka (No. 165139).
2.2. Blood biochemical parameters and triacylglycerol content in
the liver

Serum triacylglycerol (Fujifilm Wako Shibayagi, Gunma, Japan),
glucose (Fujifilm Wako Shibayagi), insulin (Fujifilm Wako Shi-
bayagi) and b-hydroxybutyrate (BioVision, Milpitas, CA) concen-
tration were determined using commercial kits.
ion on liver triacylglycerol content and biochemical parametaers in serum.

Refeeding 12 h Refeeding 24 h

Control NaB Control NaB

(n ¼ 6) (n ¼ 6) (n ¼ 6) (n ¼ 6)

15.7 ± 0.4 a 14.1 ± 0.4 a 23.2 ± 0.7 b 21.5 ± 1.4 b
4.33 ± 0.12 4.14 ± 0.25 4.87 ± 0.10 4.74 ± 0.21
8.46 ± 0.46 7.86 ± 0.59 10.3 ± 0.9 7.59 ± 0.77
157 ± 10 147 ± 13 138 ± 16 188 ± 25
180 ± 11 205 ± 14 188 ± 22 163 ± 7
1.59 ± 0.24 1.65 ± 0.28 1.59 ± 0.20 1.31 ± 0.26
0.14 ± 0.03 ab 0.25 ± 0.06 b 0.06 ± 0.02 a 0.19 ± 0.02 ab

ss an multiple comparison among 4 refeeding groups.



Fig. 1. Effects of starvation and refeeding with a control diet or a diet containing NaB on the mRNA levels of genes related to lipid metabolism in the liver
The mRNA levels were quantified by real-time RT-PCR and normalized to Tf2b mRNA abundance. Data are expressed as the means ± SEM for 6e7 animals.
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwass an multiple comparison among 4 refeeding groups.
a~c: Different letters indicate significant differences (p < 0.05).

K. Honma et al. / Metabolism Open 7 (2020) 100043 3
2.3. SOD activity and GSSG/GSH ratio in the liver

Around 100 mg liver tissue was weighed and homogenized in
0.25 M sucrose buffer. The supernatants were used to determine
manganese superoxide dismutase (SOD) activity using a SOD assay
kit WST (Dojinnkagaku, Kumamoto, Japan).

Another 100 mg liver tissuewas homogenized in 5% sulfosalicylic
acid buffer. The supernatants were diluted 10 times with pure water
and used to determine total glutathione (GSH) and oxidized gluta-
thione (GSSG), using a GSSG/GSH Quantification Kit (Dojinnkagaku).
Fig. 2. Effects of starvation and refeeding with a control diet or a diet containing NaB
Data are the means ± SEM for 6e7 animals.
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwass
2.4. Quantitative reverse transcription (RT)-PCR

Total RNA was extracted by acid guanidinium thiocyanate-
phenol-chloroform extraction as described by Chomczynski and
Sacchi [14]. One microgram of total RNA samples was converted
into cDNA by reverse transcription using Superscript III reverse
transcriptase (Invitrogen, Waltham, MA) according to the manu-
facturer’s instructions. PCR amplification was performed on a Light
Cycler 480 instrument system (Roche Diagnostics, Basel,
Switzerland) and SYBR Green I Master (Roche Diagnostics),
on SOD activity and GSSG/GSH ratio

an multiple comparison among 4 refeeding groups.



Fig. 3. Effects of starvation and refeeding with a control diet or a diet containing NaB on the mRNA levels of antioxidant enzymes in the liver of rats
The mRNA levels were quantified by real-time RT-PCR and normalized to Tf2b mRNA abundance. Data are expressed as the means ± SEM for 6e7 rats.
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwass an multiple comparison among 4 refeeding groups.
a~c: Different letters indicate significant differences (p < 0.05).
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according to the manufacturer’s instructions. The cycle threshold
(CT) values of test genes and Tf2b detected by qRT-PCR were con-
verted to signal intensities by the delta-delta method, which cal-
culates the difference of 1 CT-value as a 2-fold difference between
samples. We analyzed sterol regulatory element binding-protein
(SREBP) 1, fatty acid synthase (FAS), peroxisome proliferator-
activated receptor (PPAR) a, carnitine palmitoyltransferase (CPT)
1a and acyl CoA oxidase (ACO) 1 to investigate the regulation of
lipid metabolism. SOD2 and catalase were analyzed to investigate
the possibility in removal of ROS. g-Glutamylcyclotransferase
(Ggct), 5-oxoprolinase (Oplah), glutamic-oxaloacetic transaminase
1 (Got1), glutamate cysteine ligase, modifier subunit (Gclm),
glutamate-cysteine ligase, catalytic subunit (Gclc) and glutathione
synthetase (Gss) were analyzed to investigate the GSH synthesis
pathway. Forkhead box O3a (FoxO3a) is a transcriptional factor
which regulates cellular homeostasis and stress response. The se-
quences of the PCR primer pairs and fragment sizes are shown in
Supplemental table 1.
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2.5. Chromatin immunoprecipitation assay (ChIP assay)

Livers were homogenized and incubated in a fixation solution
(1% formaldehyde, 4.5 mM HEPES [pH 8.0], 9 mM NaCl, 0.09 mM
EDTA, 0.04 mM EGTA) in 10% phosphate-buffered saline (PBS) for
30 min at 37 �C. Reactions were terminated by adding glycine to a
final concentration of 150 mM. After washing in FACS solution
(PBS, 2% bovine serum, 0.05% NaN3), the samples were sonicated
in SDS lysis buffer (50 mM Tris-HCl [pH 8.0], 10 mM EDTA [pH
8.0], 1% SDS, 0.5 mM phenylmethanesulfonylfluoride) to generate
DNA fragments of 200e500 bp. The immunoprecipitation was
performed using anti-acetyl-histone H3 (#06e559, Sigma-
Aldrich, MO, USA) and anti-acetyl-histone H4 (#06e598,
Sigma-Aldrich) antibodies. The precipitated DNA was subjected
to real-time PCR using primers corresponding to the indicated
sites in the promoter/enhancer and transcribed regions. The CT
values of the ChIP signals detected by real-time PCR were con-
verted to percentages of the signal for input DNA using the delta-
delta method, with formula 100 � [2(CTinput�CTIPsample)]. The
primer sequences used in ChIP assays are listed in Supplemental
Table 2.

2.6. Statistical analysis

The results were expressed as the means ± standard error of the
mean (SEM). The data were analyzed using the Kruskal-Wallis test,
followed by a post hoc Steel-Dwass an multiple comparison among
4 refeeding groups (refeeding with the control diet for 12 or 24 h,
and refeeding with a diet containing NaB for 12 or 24 h). P < 0.05
was considered statistically significant.

3. Results

3.1. Effects of refeeding with a control diet or a diet containing
sodium butyrate after starvation on liver triacylglycerol and blood
biochemical parameters

Food intake from the start of refeeding was significantly higher
at 24 h than 12 h after the start of refeeding, and it was not different
between the control diet and the NaB diet for 12 h and 24 h period,
respectively (Table 2). Liver weight of rats refed the control diet
tended to increase (p ¼ 0.051) from 12 h to 24 h after start of
refeeding. The concentrations of serum triacylglycerol, glucose, and
insulin were decreased after 3 days of fasting, and they were not
significantly different between rats refed control or NaB diet
(Table 2). We determined the concentration of serum b-hydrox-
ybutyrate, a ketone body utilized as an energy source during star-
vation, which inhibits HDAC by a mechanism similar to that of
butyrate. The serum b-hydroxybutyrate concentration was higher
in rats refed the NaB diet for 12 h and lower in rats refed the control
diet for 24 h (Table 2).

3.2. Effects of starvation and refeeding with a control diet or a diet
containing sodium butyrate on the mRNA levels of genes related to
lipid metabolism in the liver

While refeeding with a high sucrose diet induced the expression
of genes related to fatty acid synthesis, supplementation of a diet
Fig. 4. Effects of starvation and refeeding with a control diet or a diet containing NaB o
gene.
A) Foxo3a mRNA levels were normalized to Tf2b mRNA abundance.
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwass
a~b: Different letters indicate significant differences (p < 0.05).
B) The abscissa denotes the region on the Foxo3a gene relative to the transcription initiatio
The data were analyzed using the Kruskal-Wallis test, followed by a post hoc Steel-Dwass
with NaB for refeeding significantly suppressed the mRNA levels of
Fas at 24 h after the start of refeeding (Fig. 1). Conversely, the mRNA
levels of Cpt1a, which are related to fatty acid oxidization, was
significantly higher in rats refed the NaB diet than rats refed the
control diet at 12 h after the start of refeeding. Similarly, the mRNA
levels of Aco1 was higher in rats refed the NaB diet for 24 h and
lower in rats refed the control diet for 12 h (Fig. 1).

3.3. Effects of starvation and refeeding with a control diet or a diet
containing sodium butyrate on SOD activity and GSSG/GSH ratio

To examine whether NaB supplementation exerted a protective
effect against oxidative stress, we determined the SOD activity and
GSH level in the liver. SOD activity and the amount of GSH were
decreased after 3 days of fasting, and those were not significantly
different between rats refed control or NaB diet (Fig. 2). The GSSG/
GSH ratio was not significantly different between rats refed control
or NaB diet (Fig. 2).

3.4. Effects of starvation and refeeding with a control diet or a diet
containing sodium butyrate on the mRNA levels of genes related to
antioxidant enzymes in the liver

SOD2 (Mn-SOD) present in mitochondria is induced by oxida-
tive stress during inflammation and has cytoprotective functions. In
rats refed the NaB diet, the mRNA level of Sod2 tended to be higher
(p ¼ 0.051) than in rats refed the control diet at 12 h after the start
of refeeding (Fig. 3). The mRNA level of Catalase, which is respon-
sible for the elimination of H2O2, was elevated from 12 h to 24 h
after the start of refeeding, and higher in rats refed the NaB diet for
24 h than in rats refed the control diet for 12 h (Fig. 3). In addition,
the mRNA levels of genes involved in GSH synthesis (Ggct, Oplah,
Got1, Gclm, Gclc, and Gs) were significantly higher in rats refed the
NaB diet than in rats refed the control diet at 24 h after the start of
refeeding (Fig. 3).

3.5. Effects of starvation and refeeding with a control diet or a diet
containing sodium butyrate on Foxo3a expression and histone H3/
H4 acetylation around the gene

Forkhead box O3a (FoxO3a) regulates the transcription of genes
involved in apoptosis, oxidative stress, glucose metabolism, and
DNA damage repair including SOD2 and catalase, two scavenger
proteins that have essential roles in oxidative detoxification in
mammals [15]. The mRNA expression of Foxo3a in this study was
higher in rats refed the NaB diet for 24 h than in rats refed the
control diet for12 h (Fig. 4).

To investigate the role of histone acetylation in the transcrip-
tional regulation of Foxo3a and the effect of butyrate, we performed
ChIP assays using anti-acetylated histone antibodies. The ChIP
signals for normal rabbit IgG around the Foxo3a gene were <0.05%
of the input. In rats fasted for 3 days, the signals of acetylated
histone H4 were lower than those of non-fasted rats in the
enhancer/promotor and transcription regions (from �1,850 bp
to 1,400 bp). In addition, the signals of acetylated histone H4 at
1,400 bp downstream from the transcription start site tended to be
higher (p ¼ 0.055) in rats re-fed the NaB diet than in rats refed the
control diet (Fig. 4).
n Foxo3a mRNA levels and histone H3 and H4 acetylation levels around the Foxo3a

an multiple comparison among 4 refeeding groups.

n site.
an multiple comparison between control and NaB group.
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4. Discussion

Excessive energy intake plays an important role in the devel-
opment of fatty liver, and the weight loss by means of food re-
striction is the effective way to reduce hepatic fat [16]. While
obesity increases a risk of NAFLD, some patients are reported to
develop to fatty liver in spite of low BMI, especially in those who
have been refed following rapid weight loss [17]. One of the reasons
why fatty liver occurs after rapid weight loss/malnutrition is
considered to be attributable to insufficient secretion of triglyceride
from the liver due to lack of apolipoprotein B [18,19]. Therefore, it is
very likely that the cycles of refeeding high sucrose and high fat diet
after strict starvation are a putative risk factor for NAFLD. In this
study, we showed that refeeding with a sucrose-fortified control
diet increased the mRNA expression of Fas and its regulator, Srebp1.
NaB supplementation of the diet for refeeding led to an suppression
in the mRNA expressions of genes related to fatty acid synthesis at
24 h after the start of refeeding. By contrast, the mRNA expressions
of genes related to b-oxidation were enhanced by refeeding with
the NaB diet. A previous study reported that the oral administration
of butyrate as well as acetate and propionate suppressed high-fat
induced obesity by the activation of AMPK [20]. In addition, the
administration of butyrate prevented high-fat diet-induced insulin
resistance, which promoted energy expenditure and induced
mitochondria functions [21]. Thus, in this study it was likely that
AMPK was activated by butyrate resulting in the reduced accu-
mulation of fat.

We showed that supplementation with NaB increased the
mRNA levels of antioxidant enzymes. The mRNA expression of Sod2
was higher in rats fed the NaB containing diet for 24 h than in rats
fed the control diet for 12 h. SOD activity per total liver tissue was
decreased by starvation and tended to recover in the NaB group
compared with the control group at 12 h after the start of refeeding.
These results indicate that the enzyme activity of SOD and the
expression of Sod2 was enhanced in response to refeeding after
fasting, and that the antioxidant capacity was enhanced by sup-
plementation with NaB. The increased expressions of genes related
to b-oxidation such as Cpt1awere observed in the livers of animals
refed the diet containing NaB, and therefore it is likely that
increased Sod2 expression in the NaB group was related to the
increased level of ROS, which is produced in mitochondria during
increased b-oxidation.

GSH is a tripeptide consisting of glutamate, cysteine, and
glycine, and its biosynthesis cycle requires g-glutamylcyclo-
transferase, 5-oxoprolinase, glutamate cysteine ligase, and gluta-
thione synthase [22]. Because mitochondrial GSH has a central role
in ROS regulation, the depletion of GSH may be relevant to the
development of steatohepatitis and NASH [23]. In this study, the
expressions of genes related to GSH biosynthesis were upregulated
by refeeding with NaB at 24 h after the start of refeeding. No sig-
nificant difference was observed in the GSSG/GSH ratio, a classical
marker of oxidative stress level, between the NaB and control
groups, suggesting that refeeding with NaB did not induce exces-
sive oxidative stress. These results indicate that refeeding with NaB
after starvation likely to increase amount of GSH in the liver, which
protects against oxidative damage.

Butyrate has multiple effects on mammalian cells including the
inhibition of proliferation, induction of differentiation, and tran-
scriptional regulation of gene expression, some of which are related
to HDAC inhibition [10]. A previous study demonstrated that b-
hydroxybutyrate, which has a structure similar to butyrate, sup-
pressed oxidative stress by increasing histone acetylation levels by
the inhibition of HDAC1 and HDAC2 [24]. Indeed, the intravenous
administration of b-hydroxybutyrate enhanced histone H3 acety-
lation levels around Foxo3a, a transcription factor that has a key role
in oxidative stress responses, and increased the mRNA expression
of the Foxo3a gene [24]. In this study, we demonstrated that oral
supplementation with NaB markedly enhanced the expression of
Foxo3a. ChIP assays showed that the histone H3 and H4 acetylation
levels at the Foxo3a promoter region were reduced by starvation
although no differences in the histone H3 acetylation levels were
observed between the NaB and control groups. However, the his-
tone H4 acetylation levels in the Foxo3a transcription region tended
to be higher in the NaB group than in the control group.

Few studies have investigated epigenetic regulatory mecha-
nisms including histone modifications, whereby butyrate modu-
lates gene expressions to prevent fatty liver. When rats were orally
administrated a NaB-containing high-fat diet, the acetylation of
histone H3K9 on the PPARa promoter and the expression of the
PPARa gene were reported to be enhanced and to have a protective
role against NAFLD [25]. Although the expression of HDAC1 was
reversely correlated with the acetylation level of histone H3K9 on
the PPARa promoter, it is unclear how HDAC1 identified target
genes [25]. However, it is likely that the expression levels of HDACs
and/or the binding levels of HDACs to the Foxo3a gene are modu-
lated by NaB supplementation. Future studies are needed to explain
whether the binding of HDAC1 around the Foxo3a gene is reduced
by NaB administration, and how HDAC activity is involved in the
fluctuation of histone acetylation levels on the Foxo3a gene.
Therefore, a limitation of this study is that it is unclear whether the
changes caused by NaB administrationwere really due to inhibition
of HDACs. Future investigations with not only NaB but also a pos-
itive control of HDAC inhibitor, such as trichostatin A, are needed to
clarify the detailed mechanism.

There is a possible limitation in applying this study to the
treatment and prevention of NAFLD and NASH, which are public
health issues. Although butyric acid is contained in the daily
product such as cheese and butter, it is not practical to ingest it in
large amounts. Clostridium butyricum probiotics is a possible tool,
since it was reported that supplementation of Clostridium butyr-
icum decreased accumulation of lipid droplets in the liver in high-
fat diet induced fatty liver in rats [26].

Taken together, the results of the present study suggest that NaB
supplementation in the diet for refeeding may reduce the rate of
lipid synthesis and stimulate fatty acid oxidation in the liver, which
inhibited fat accumulation and the risk of NASH. Furthermore, NaB
increased the expressions of antioxidant enzymes including Sod2,
and the putative transcription factor Foxo3, which was related to
the reduced risk of NASH by butyrate through a decrease in
oxidative damage and inflammation.
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