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Abstract

Background
Sodium butyrate (NaB) is obtained by fermenting dietary �ber via intestinal micro�ora and has recently
been shown to improve some antioxidant enzymes in vivo.

Methods
In this study, we investigated the antioxidant effects of Sodium butyrate on obesity rats induced by high-
fed diet.

Results
NaB intervention could effectively reduce the body weight of rats in the obesity-prone(OP) and obesity-
resistant(OR)group, and reduce insulin resistance, plasma lipid, protect the gastrocnemius muscle and
pancreas from oxidative stress induced by high fat diet, upregulate T-AOC, antioxidant enzyme activity
and GSH/GSSG ratio, reduce ROS level and MDA content. NaB may increase Pi3k, Nrf2, Nqo-1, Ho-1 and
inhibit Gsk-3β mRNA expression by regulating Nrf2 antioxidant pathway to enhance tissue antioxidant
capacity. At the same time, NaB intervention could signi�cantly increase the expression of Glut4 and Irs-1
mRNA in gastrocnemius muscle of OP and OR rats, suppress the expression of Bax and Caspase 3,
increase the mRNA expression of Pdx1, MafA and Bcl-2, and increase insulin secretion and muscle insulin
sensitivity. The regulatory effect of NaB was correlated with its signi�cantly increased activity of
mitochondrial antioxidant enzymes, mitochondrial membrane potential, NADH/NAD+ ratio, acetyl-CoA
and ATP production, Tfam and Pgc-1α expression and mitochondrial DNA copy number. In addition, 6%
NaB intervention in OP rats, 4%NaB intervention in OR rats were more signi�cant, indicating that there
were dose effects of NaB intervention in different obesity phenotypes.

Conclusions
NaB activates the Nrf2 antioxidant pathway, enhances the expression level of downstream antioxidant
genes, improves the antioxidant capacity of obese rat tissues, and at the same time promotes muscle
protein synthesis, improves insulin sensitivity, and promotes glucose metabolism.

Introduction
Obesity is a chronic metabolic disorder that is growing at an alarming rate, but not all individuals are
prone to occur. Numerous studies have shown that under high-fat diet, some animals have a good
response to high fat and are prone to obesity, while some animals resist obesity. This phenomenon of
having the same genetic background but exhibiting different responses to the same high-fat diet isLoading [MathJax]/jax/output/CommonHTML/jax.js
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de�ned as obesity-prone (OP) and obesity-resistant (OR) [1]. There were differences in body weight
regulation, oxidative stress and energy metabolism between OP and OR rats. Previous studies have found
that myoglobin in OR rats was signi�cantly up-regulated, while tropomyosin R and troponin I were
signi�cantly down-regulated, making OR rats more effective in regulating muscle contraction, increasing
glucose utilization, and maintaining lighter weight [2]. While in OP rats, high-fat diet not only signi�cantly
increased body weight, but also decreased mitochondrial membrane potential in the heart and liver,
induced mitochondrial DNA damage and dysfunction [3], decreased antioxidant enzyme activity, and
leading to oxidative stress [4].

Mitochondria are important sites for energy metabolism. OP and OR individuals have different responses
to mitochondrial function. Richard's study found that uncoupling proteins 2 (UCP2) expression was
increased 2-fold in white adipose tissue of OR mice compared with OP mice, suggesting that OR mice can
increase body heat production and against obesity by uncoupling proteins [5]. High-fat diet can induce a
signi�cant increase in mitochondrial copy number in skeletal muscle of OR rats, and increase
phosphorylation of AMP-activated protein kinase (AMPK), expression of glucose transporter 4 (GLUT4)
and Carnitine palmitoyl transferase 1 (CPT-1) [6], indicating that OR rats have higher mitochondrial
activity to resist the energy increase caused by the high fat diet. At present, studies on OP and OR mainly
focus on physiological signals and energy metabolism. Mitochondria, as a key factor in energy
metabolism, have rarely been reported on mitochondrial function and energy metabolism.

Butyrate, one of short-chain fatty acids (SCFAs), is obtained by fermenting dietary �ber via intestinal
micro�ora and becomes sodium butyrate (NaB) after receiving sodium. It has been demonstrated that
NaB actively involved in a number of pathological processes, including obesity and Type 2 diabetes
mellitus (T2DM). Recent studies have found that 5% NaB is effective in the treatment of obesity and
insulin resistance in the dietary obese model and butyrate activates FGF21 gene transcription by
inhibiting HDAC3. Studies also found that NaB enhanced the activities of glutathione peroxidases (GSH-
Px), catalase (CAT), manganese superoxide dismutase (Mn-SOD) and reduced the level of ROS[7].
Besides, we have found that NaB up-regulated the production of ATP. NaB plays a pivotal role in
decreasing body weight, enhancing the activity of antioxidant enzymes and promoting metabolism due
to the inhibition of HDACs[8–10]. Nevertheless, whether the different dose of NaB in HFD animals is
attributed to its antioxidative activity or the functional protection of mitochondrial has not yet been
clari�ed. Thus, we hypotheses that NaB affecting mitochondrial function may be due to its possible
antioxidant effect.

As a fermentation product of intestinal �ora, butyric acid has been shown to improve tissue antioxidant
enzyme activity, regulate body sugar and lipid metabolism, and have a certain regulatory effect on redox
state and mitochondrial metabolism. However, there are no reports on the intervention of sodium butyrate
in different obese individuals, and the speci�c mechanism of action has not been clari�ed. Therefore, this
study induced the obesity prone and obesity resistance model by feeding high-fat diets to SD rats, studied
the changes of mitochondrial redox homeostasis and energy metabolism in skeletal muscle and
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pancreas, and explored the possible mechanisms and dose effects of sodium butyrate antioxidant
protection.

Materials And Methods

Animals acquisitions and treatments
91 male Sprague–Dawley rats (4 weeks old) were obtained from Shanghai Slac Laboratory Animal Co.,
Ltd. (Shanghai, China). Animals were housed in ventilated cages under standard laboratory conditions
with controlled temperature (22 °C-26 °C), humidity (40%-70%) and normal light/dark (12 h/12 h) cycle
and given access to normal experimental animal diet and water. The protocols were approved by the
Ethics Committee of Jiangnan University.

After 1 week acclimation, rats were randomly divided into control group (fed with low-fat diet; 12% energy
from fat; n = 7) and HFD group (45% energy from fat; n = 84). At the 8th week, OP and OR were delineated
based on body weight gain (upper 1/3 for OP; lower 1/3 for OR) of the HFD group. Rats in OP and OR
groups were fed with high-fat diet supplemented with 4%, 5% and 6% sodium butyrate respectively. At the
20th week, rats were sacri�ced. The blood sample was centrifuged at 3500 g for 10 min, and the serum
was stored at -80℃ for further analyses. The tissue (0.1 g) was homogenized in 0.9 mL normal saline,
and the supernatant was collected through centrifugation at 4000 g for 10 min. The protein content in the
supernatant was measured according to the procedures of an Enhanced BCA Protein Assay Kit (Beyotime
Biotech, Shanghai, China). Another part was stored at -80 ℃ for further analyses.

Analysis of ROS and redox state
ROS was determined by luminol-dependent chemiluminescence assay in the presence of luminal
(0.5 mmol/L) and horseradish peroxidase (12 U/mL) using a thermostatically (37 °C) controlled
luminometer (Xi’an Remex Analysis Instrument, Xi’an, China). Total antioxidant capacity (T-AOC),
antioxidant enzymes (SOD, GSH and GSSG) activity and MDA content was measured by appropriate test
kits (Jiancheng Bioengineering Institute, Nanjing, China).

Plasma lipid, glucose and insulin status
Plasma total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), and triacylglycerol (TG) concentrations were analyzed by the enzymatic colorimetric
assay kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the instructions of
the manufacturer. Blood glucose and insulin were measured by the glucose determination kit (Jiancheng
Bioengineering Institute, Nanjing, China) and ELISA kit (Huijia, Xiamen, China). The insulin resistance
index (HOMA-IR) is calculated as HOMA-IR = Insulin*glucose/22.5.

Acetyl coenzyme A, NADH/NAD+, ATP, the mitochondrial
membrane potential, lactic acid content assay
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The concentrations of acetyl coenzyme A, NADH/NAD+ and ATP, mitochondrial membrane potential,
lactic acid in the tissues were measured by ELISA kit (Huijia, Xiamen, China) and ATP, mitochondrial
membrane potential, lactic acid determination kit (Beyotime Biotech, Shanghai, China) respectively. The
concentration was normalized to that of protein in the same tissue lysates.

Mitochondrial MnSOD and GPX activity assays
The activities of MnSOD were measured by WST-8 assays after inhibiting the activity of Cu/ZnSOD by a
speci�c inhibitor (Beyotime Biotech, Shanghai, China). Mitochondrial GPX activity was detected
according to the manufacturer’s instructions (Jiancheng Bioengineering Institute, Nanjing, China).

mtDNA copy number
In rat tissues, 25 to 50 mg of frozen sample was used for total DNA isolation with manufacturer’s
instructions (Sangon Biotech, Shanghai, China). The relative mtDNA copy numbers were derived from the
ratio of the encoding ribosomal protein L4 (Rpl4) target quanti�cation result to the cytochrome c oxidase
subunit 1 (COX1) target quanti�cation by real-time PCR as described [11]. The sequences used in this
study were shown in Table 1.
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Table 1
Sequences of primers in quantitative real-time PCR

  Forward primer Reverse primer

β-action CAACCTTCTTGCAGCTCCTCCT AGGGTCAGGATGCCTCTCTTGCTC

PI3K GTGGGACTGTGACCGAAAGT GCTTAGGGCTGGTTCTCCTT

GSK-3β CATCCTTATCCCTCCTCACG AGAAGCGGCGTTATTGGTCT

HO-1 CAGAAGGGTCAGGTGTCCAG GAAGGCCATGTCCTGCTCTA

NQO-1 ACATCACAGGGGAGCCGAAGGACT GGCACCCCAAACCAATACAATG

Nrf2 GAGACGGCCATGACTGAT GTGAGGGGATCGATGAGTAA

TFAM CAGAGTTGTCATTGGGATTGG TTCAGTGGGCAGAAGTCCAT

PGC-1α GGCCGGAGCAATCTGAGTTA GGCCGTTTAGTCTTCCTTTCCT

IRS-1 CTGGACGTCACAGGCAGAAT CGTGAGGTCCTGGTTGTGAA

GLUT4 GTTGGTCTCGGTGCTCTTAG GGCCACGATGGACACATAAC

mTOR GCAGATTTGCCAACTACC TCTCCGGCCCTCATTTCG

S6K1 CGTGGAGTCTGCGGCGGGTC CGCTCTGCTTTCGTGTGGGC

Myogenin GGAGTCCAGAGAGCCCCCTTGTTAA CGGTCGGGGCACTCACTGTCTCT

Myostain CCATGCCTACAGAGTCTGAC CTTCTAAAAAGGGATTCAGCC

Bax CATGAAGACAGGGGCCTTTTTG TCAGCTTCTTGGTGGATGCGTC

Caspase-3 GGATTACCCTGAAATGGGCTTGT CTCTGAGGTTAGCTGCATCGACAT

Bcl-2 ACTTCTCTCGTCGCTACCGTCG CCTGAAGAGTTCCTCCACCACC

RNA extraction and quantitative real-time PCR analysis
Total RNA in liver, gastrocnemius muscle and pancreas were extracted using the Trizol reagent (Generay,
Shanghai, China). Total RNA (1000 ng/µL; 260 : 280 = 1.8 ~ 2.0) was reverse-transcribed to cDNA using
High-Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Thermo Fisher Scienti�c,
Massachusetts, USA). For quanti�cation, real-time PCR analysis was performed using QuantiTect SYBR
Green PCR Kits on ABI 7500 Fast Real Time PCR. β-actin expression was used as an endogenous control.
The sequences of the primers used are listed in Table 1.

Western blotting analysis
Tissues were homogenized in cooled RIPA buffer (Jiancheng Bioengineering Institute, Nanjing, China)
and centrifuged at 15,000 g for 10 min at 4 °C. The supernatant proteins were collected and the
concentration was determined using the BCA protein assay kit (Beyotime). Equal amount of tissue-
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denatured proteins in loading buffer of each sample were loaded onto the sodium dodecylsulphate–
polyacrylamide gel and electrical separated. The target proteins were transformed onto PVDF membranes
(Millipore, Billerica, MA, USA) using wet transfer (Bio-Rad) and blocking with 5% bovine serum albumin
for 1 h. The membranes were incubated with primary antibodies at 4 °C overnight. The primary
antibodies-binding membranes were washed with Tris Buffered Saline with Tween-20 (TBST) and
incubated with HRP-conjugated secondary antibody for 1 h and then washed with TBST again. The blots
were then visualized using enhanced chemiluminescence solution (Bio-Rad). Relative protein expression
levels were standardized with β-actin and normalized with the control group.

Statistical analysis
Experimental data are presented as means ± standard error. The differences between groups were
analyzed by one-way ANOVA test with Tukey’s HSD test at the signi�cant level of 0.05 and 0.01. All
statistical analyses were performed with SPSS Statistics ver. 19.0.

Results

Effect of NaB Intervention on body weight and insulin
resistant index
Figure 1 showed changes in the body weight, insulin, blood glucose and insulin resistant index after 20
weeks. Compared with the control group, HFD signi�cantly increased body weight, blood glucose, insulin
and HOMA-IR of rats in the OP group (P < 0.05), whereas there was no difference in the OR group. The
body weight, insulin and insulin resistance index of the rats in the OR group were signi�cantly lower than
those in the OP group (P < 0.05). Figure 1a showed that 6% NaB can signi�cantly reduce the body weight
of rats in the OP group, while 4%, 5%, 6% can signi�cantly reduce the body weight in the OR group.
Different doses of NaB had different effects on blood glucose and insulin in rats, 4%, 5%, 6% NaB can
signi�cantly reduce the insulin resistance index of rats in the OP group, while 6% NaB had no effect on in
the OR group.

Effect of NaB Intervention on Plasma lipid
As shown in Table 2, TG, TC, LDL-C and FFA were signi�cantly higher in OP rats compared with Con rats
(P < 0.05). Sodium butyrate intervention can improve blood lipid levels, the effect of 6% sodium butyrate
intervention was more signi�cant (P < 0.05). However, in high-fat diet fed OR rats, except for FFA, which
was signi�cantly higher than the Con group (P < 0.05), there was no signi�cant difference in other
indicators of Con, indicating that OR rats can maintain good blood lipid levels. Different doses of sodium
butyrate intervention can signi�cantly reduce the FFA level and increase the HDL-C content in OR rats (P < 
0.05), and 4% sodium butyrate can completely return to normal levels after intervention.
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Table 2
Effect of NaB on plasma lipid status of HFD fed SD rats

  FFA

(103µmol/L)

TG

(µmol/mL)

TC

(µmol/mL)

HDL-C

(µmol/mL)

LDL-C

(µmol/mL)

Con

OP

OP + 4%NaB

OP + 5%NaB

OP + 6%NaB

OR

OR + 4%NaB

OR + 5%NaB

OR + 6%NaB

1.17 ± 0.07

1.74 ± 0.11*C

0.91 ± 0.07B

1.03 ± 0.05B

0.58 ± 0.03A

1.33 ± 0.15*b

0.62 ± 0.04a

0.7 ± 0.08a

0.83 ± 0.07a

0.93 ± 0.03

1.21 ± 0.06*B

1.04 ± 0.03AB

1.01 ± 0.10AB

0.82 ± 0.04A

0.94 ± 0.08#

0.85 ± 0.06

0.88 ± 0.08

0.85 ± 0.07

1.13 ± 0.11

1.42 ± 0.07*B

1.25 ± 0.06AB

1.31 ± 0.07AB

1.07 ± 0.07A

1.15 ± 0.05#

1.10 ± 0.05

1.11 ± 0.09

1.11 ± 0.07

0.61 ± 0.06

0.60 ± 0.03B

0.61 ± 0.02B

0.65 ± 0.03AB

0.57 ± 0.03B

0.63 ± 0.05a

0.84 ± 0.04b

0.80 ± 0.06b

0.82 ± 0.03b

0.14 ± 0.01

0.20 ± 0.01*

0.16 ± 0.01

0.18 ± 0.02

0.16 ± 0.01

0.15 ± 0.01

0.16 ± 0.01

0.15 ± 0.01

0.17 ± 0.03

Values are expressed as mean ± SE, n = 7. OP, obesity-prone; OR, obesity-resistant; * P < 0.05 versus the
control group, # P < 0.05 versus the OP group. Different letters indicate signi�cant differences, P < 
0.05.

Effect of NaB Intervention on Redox state
The markers of tissue oxidative stress and antioxidant enzymes were shown in Table 3. HFD caused a
decrease in total antioxidant capacity and T-SOD content in the gastrocnemius of OP rats. The oxidative
stress of the pancreas was more serious than that of the gastrocnemius muscle, which showed that the
total antioxidant capacity decreases, GSH/GSSG and T-SOD decrease, and MDA and ROS content
increase, indicating an impairment of antioxidant system in the liver, gastrocnemius and pancreas.
However, OP + 6% and OR + 4% groups exhibited an obvious increase of the activity of antioxidant
enzymes T-AOC, GSH/ GSSG and SOD, with the down-regulation of MDA and ROS. These data suggested
that antioxidant capacity of gastrocnemius muscle and pancreas tissues was restored.
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Table 3
Effect of NaB on antioxidant index of HFD fed SD rats

  T-AOC

U/mg prot

MDA

nmol/mg
prot

ROS GSH/GSSG T-SOD

U/mg prot

gastrocnemius
muscle

         

Con 0.49 ± 0.04 1.72 ± 0.51 1.00 ± 0.14 6.32 ± 0.46 653.36 ± 22.77

OP 0.38 ± 
0.02*a

1.93 ± 0.51b 1.21 ± 
0.12*b

5.59 ± 0.36a 513.87 ± 7.80*a

OP + 4%NaB 0.48 ± 
0.03ab

1.64 ± 
0.28ab

1.00 ± 0.07a 6.81 ± 0.34b 544.36 ± 
18.23b

OP + 5%NaB 0.54 ± 
0.06b

1.43 ± 0.32a 0.88 ± 0.08a 7.03 ± 0.35b 564.83 ± 
20.34b

OP + 6%NaB 0.52 ± 
0.05b

1.42 ± 0.16a 0.78 ± 0.12a 7.58 ± 0.54b 554.32 ± 
10.68b

OR 0.41 ± 
0.03#A

1.62 ± 0.13B 0.94 ± 
0.10#B

5.90 ± 
0.31A

527.73 ± 
39.55*A

OR + 4%NaB 0.53 ± 
0.06B

1.34 ± 0.23A 0.85 ± 
0.08AB

7.28 ± 0.24B 587.44 ± 
21.45B

OR + 5%NaB 0.46 ± 
0.02AB

1.38 ± 0.18A 0.89 ± 
0.07AB

7.52 ± 0.14B 603.24 ± 
34.62B

OR + 6%NaB 0.47 ± 
0.02AB

1.54 ± 
0.22AB

0.79 ± 
0.09A

6.57 ± 
0.61AB

568.43 ± 
24.56AB

pancreas          

Con 1.10 ± 0.08 0.96 ± 0.08 1.00 ± 0.12 5.99 ± 0.32 416.42 ± 9.12

OP 0.76 ± 
0.03*a

1.45 ± 
0.16*b

1.24 ± 
0.10*b

5.00 ± 
0.16*a

231.39 ± 
14.44*a

OP + 4%NaB 0.99 ± 
0.11ab

1.25 ± 
0.20ab

1.13 ± 
0.12ab

5.63 ± 
0.50ab

233.17 ± 
32.98a

OP + 5%NaB 0.93 ± 
0.18ab

0.90 ± 0.11a 1.17 ± 
0.11ab

5.78 ± 
0.35ab

321.90 ± 
32.43b

Values are expressed as mean ± SE, n = 7. OP, obesity-prone; OR, obesity-resistant; MDA:
Malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase. * P < 0.05 versus the
control group, # P < 0.05 versus the OP group. Different letters indicate signi�cant differences, P < 
0.05.Loading [MathJax]/jax/output/CommonHTML/jax.js
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  T-AOC

U/mg prot

MDA

nmol/mg
prot

ROS GSH/GSSG T-SOD

U/mg prot

OP + 6%NaB 1.14 ± 
0.16b

1.06 ± 0.14a 0.99 ± 0.12a 6.83 ± 0.33b 373.78 ± 
34.28b

OR 0.98 ± 
0.04*A

1.22 ± 
0.15*C

1.18 ± 
0.15*B

5.15 ± 
0.27*A

266.80 ± 
14.49*A

OR + 4%NaB 1.32 ± 
0.11B

0.75 ± 0.09A 1.01 ± 
0.20AB

7.30 ± 0.32B 354.79 ± 
37.57B

OR + 5%NaB 1.43 ± 
0.11B

0.92 ± 
0.03AB

0.92 ± 
0.15A

7.47 ± 0.19B 372.54 ± 
13.38B

OR + 6%NaB 1.20 ± 
0.08AB

1.15 ± 0.07C 1.03 ± 
0.08AB

6.35 ± 
0.59AB

300.19 ± 
19.01AB

Values are expressed as mean ± SE, n = 7. OP, obesity-prone; OR, obesity-resistant; MDA:
Malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase. * P < 0.05 versus the
control group, # P < 0.05 versus the OP group. Different letters indicate signi�cant differences, P < 
0.05.

Effect of NaB Intervention on the expression of genes and
proteins in redox state
Antioxidant relative genes and proteins in OP and OR groups are shown in Fig. 2. The levels of PI3K, Nrf2
and downstream antioxidant enzymes NQO-1 and HO-1 in gastrocnemius muscle in OP and OR groups
were signi�cantly decreased, and GSK-3β was signi�cantly increased compared with Con group (P < 
0.05). NaB signi�cantly up-regulated PI3K and down-regulated GSK-3β expression. Otherwise, NaB
signi�cantly up-regulate the expression of Nrf2 and downstream antioxidant enzymes NQO-1 and HO-1 in
OP and OR groups. However, different doses had different effects on OP and OR rats, OP group showed
better effect in 6% NaB, and OR group showed better effect in 4% NaB.

Effect of NaB Intervention on Mitochondrial functions in
gastrocnemius muscle
As shown in Fig. 3. Compared with the control group, the high-fat diet signi�cantly decreased Mn-SOD,
GSH-Px activity, ATP content, NADH/NAD+ ratio and PGC-1α expression, increased lactic acid level in OP
and OR rats' gastrointestinal muscles. Compared with the Con group, the gastrocnemius mitochondrial
membrane potential of the OP group rats decreased signi�cantly, and the OR group rats showed a
downward trend. Meanwhile, high-fat diet signi�cantly decreased the mtDNA copy number and the
expression of TFAM in OP rats, but there was no signi�cant effect on OR rats. However, NaB (6% for OP
rats, 4%for OR rats) treatment signi�cantly increased the expression of PGC-1α and TFAM, increase the
activity of antioxidant enzymes (GSH-Px and Mn-SOD) in mitochondria, increase the production of ATP,
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acetyl-CoA and NADH/NAD+ ratio, reduce the lactic acid content in muscle, and increase the
mitochondrial membrane potential and mRNA copy number, which reduces oxidative stress caused by
high-fat diets and enhances energy metabolism.

Effect of NaB Intervention on Gastrocnemius muscle
synthesis and insulin sensitivity
The effect of NaB intervention on muscle synthesis and metabolism in OP and OR rats is shown in Fig. 4
(a, b, c, d). Compared with the Con group, high-fat diet up-regulated the expression of Mtor, S6k1 and
myostain mRNA in SD rats, in OR group the expression of myogenin was down-regulated, and the
expression of Mtor and S6k1 were up-regulated. After 12 weeks of NaB intervention, the above indicators
were signi�cantly improved, indicating that NaB can improve muscle synthesis, promote muscle
deposition, and reduce the risk of obesity, of which OP + 6% NaB, OR + 4% NaB effect is more signi�cant.

Compared with the Con group, the expression of Ampk and Sirt1 mRNA in the OP group and the
expression of Sirt1 mRNA in the OR group were signi�cantly down-regulated (P < 0.05). After NaB
intervention, the expression of Ampk and Sirt1 were signi�cantly up-regulated, indicating that NaB can
promote the utilization of sugar by gastrocnemius muscle by affecting the expression of Ampk and Sirt1.

After that, we measured the insulin receptor and glucose transport related genes in rats. As shown in
Fig. 4 (g, h). Compared with the control group, the expressions of Irs-1 and Glut 4 mRNA in the OP group
were signi�cantly down-regulated, but there was no signi�cant difference between OR and control group.
NaB intervention signi�cantly up-regulated the mRNA expression of Irs-1 and Glut 4 for 12 weeks, which
had an important regulatory effect on increasing insulin sensitivity and promoting glucose utilization.

Effect of NaB Intervention on insulin-related gene
expression
Insulin secretion relative genes are shown in Fig. 5 (a, b). Relative mRNA levels of Pdx-1, Mafa were
signi�cantly down-regulated in both OP and OR groups compared with control group. Meanwhile, the
expression of genes above were elevated with NaB intervention in OP and OR groups. 5% and 6% NaB
signi�cantly increased the expression of Pdx-1 in OP rats, while OR rats were more effective at 4% and
5%. NaB up-regulated the expression of Mafa in OP and OR rats, and there was no signi�cant difference
among three doses. The results indicated that NaB intervention can increase insulin synthesis.

Islet cell apoptosis related gene expression as shown in Fig. 5 (c, d, e). Compared with Con group, the
mRNA expression of anti-apoptosis factor Bcl-2 was signi�cantly down-regulated, the mRNA expressions
of pro-apoptotic factors Bax and Caspase 3 were signi�cantly up-regulated in OP group and OR group,
indicating that high-fat diet can cause islet cell apoptosis in obese rats. In this study, NaB intervention
signi�cantly up-regulated the expression of Bcl-2 mRNA levels in the pancreas of OP and OR rats, and
down-regulated the mRNA expression of Bax and Caspase 3 mRNA, OP + 6% NaB and OR + 4% NaB
showed better effects.
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Discussion
Previous studies have shown that butyric acid or its pre-derivatives has bene�cial effects on glucose
homeostasis and body weight maintenance[3, 12]. However, few of them consider the effect of sodium
butyrate on skeletal muscle mitochondria and different fat phenotypes. In the present study, we
con�rmed that NaB has the similar effect as previous studies did, NaB intervention could effectively
reduce the body weight of rats in the OP and OR group, and reduce insulin resistance, plasma lipid.
Moreover, our study showed that the regulation of NaB signi�cantly increases the activity of
mitochondrial antioxidant enzymes MnSOD and GSH-Px, mitochondrial membrane potential,
NADH/NAD+ ratio, acetyl-CoA and ATP production, TFAM and PGC-1α expression, and mitochondrial DNA
copy number. 6% NaB intervention in OP rats, 4%NaB intervention in OR rats was more signi�cant,
indicating that there is dose effect of NaB intervention in different obesity phenotypes.

Oxidative stress in HFD-fed rats was presented as higher plasma ROS and lower plasma antioxidant
levels in accordance with previous studies[13, 14]. In the present study, the results indicated that OP and
OR rats showed different degrees of oxidative damage. NaB intervention mitigated HFD-induced oxidative
damages (ROS, MDA) and increased antioxidant capacity biomarkers (SOD, GSH/GSSG and T-AOC) in
gastrocnemius muscle and pancreatic. 4% and 6% NaB intervention showed better effect in OR and OP
groups respectively. Nrf2-ARE signaling is the main antioxidant pathway in vivo. Nrf2, as a key
antioxidant factor, can regulate downstream NQO-1, HO-1 and other antioxidant enzymes transcription
and expression[15]. PI3K and GSK-3β could regulate the proportion of Nrf2 into the nucleus, activate PI3K
or down-regulated the expression of GSK-3β in order to enhance Nrf2 entry [16]. Oxidative stress induced
by high-fat diet is closely related to Nrf2-ARE pathway, in this study, the results showed that NaB
signi�cantly up-regulated PI3K and down-regulated GSK-3β expression, indicating that the mechanism
NaB protects against oxidative stress may relate to the regulation of Nrf2-ARE signaling pathway.
Meanwhile, these data showed that 6% NaB and 4% NaB had signi�cant effects on the expression of
Nrf2-ARE pathway-related genes in OP and OR rats, indicating that there is a dose-effect NaB antioxidant
protection.

Mitochondrial function shows an crucial impact on whole-body metabolism. As important antioxidant
enzymes in mitochondria, Mn-SOD and GSH-Px are essential for the maintenance of mitochondrial redox
homeostasis. Acetyl-CoA and NADH/NAD+ ratios are the major indicators of mitochondrial energy
metabolism. In our study, NaB intervention could restore the above indicators in obesity rats. Our previous
study found that H2O2 induced oxidative damage in HepG2 cells, and reduced mitochondrial acetyl CoA
content, membrane potential and ATP production. Resveratrol can restore mitochondrial metabolism by
increasing the levels of Mn-SOD and GSH-Px in AF mice[17]. Our data also show that NaB can improve
mitochondrial function, increase mitochondrial membrane potential, increase ATP production, and reduce
lactic acid accumulation in gastrocnemius muscle by increasing the levels of Mn-SOD and GSH-Px. In
addition to mitochondrial dysfunction, we also found that mitochondrial mRNA copy number decreased
in OP and OR rats. It has been reported that PGC1α and TFAM regulate mitochondrial copy number[18,
19]. Three doses of NaB intervention could promote PGC1α and TFAM expression that contribute toLoading [MathJax]/jax/output/CommonHTML/jax.js
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mitochondrial copy number in OP rats. Recent study showed that accumulation of TFAM protein could
increase the expressions of mtDNA in skeletal muscle, indicating that NaB may enhance mitochondrial
biogenesis by enhancing the PGC1α and TFAM expression in rats.

Mechanistic Target of Rapamycin (mTOR) signaling pathway plays an important role in protein synthesis
and cell growth. mTOR participates in cell differentiation, proliferation and protein synthesis by activating
the downstream protein S6K1[20]. Previous studies have shown that skeletal muscle mTOR levels and
downstream S6K1 phosphorylation levels increase after exercise, and protein synthesis rate increases.
Myostain, a member of the transforming growth factor-beta superfamily of secreted growth and
differentiation factors, plays an important role in muscle development [21]. In mice knocking out the
myostain gene, skeletal muscle weight was signi�cantly increased, and excessive muscle growth was
also observed in mice with decreased myostain expression. The myogenin gene is a myogenic
determinant and necessary factor for skeletal muscle differentiation [22]. Previous studies have shown
that the risk of obesity in C57BL/6J mice may be related to the over-activation of mTOR-S6K1 signaling
pathway and decreased AKT levels[23], which is consistent with the results of this study. In our study, we
found that OP + 6% and OR + 4% NaB signi�cantly increased the expression of muscle and related genes,
which may be an important factor in NaB intervention to reduce body weight.

SIRT1 is a nicotinamide adenine dinucleotide (NAD+)-dependent deacetylase. In mice lacking SIRT1
deacetylase activity, skeletal muscle insulin signaling is diminished and insulin resistance occurs [24].
The AMPK signaling pathway is the central link regulating cell energy status. It activates and promotes
phosphorylation of downstream signaling molecules [25]. Peng [26] found that NaB treatment of colon
increased AMPK activity, consistent with the results of this study. SIRT1 and AMPK are intracellular
energy receptors that regulate the activity of PGC-1α by phosphorylation and deacetylation.

Previous studies found that Glut 4 mRNA levels in skeletal muscle of type 2 diabetic mice was
signi�cantly decreased, spironolactone can signi�cantly increase the expression of Glut 4 and improve
glucose utilization[27]. Compared with the control group, the expression of IRS-1 mRNA in skeletal muscle
of diabetic rats was signi�cantly decreased, and chromium supplementation up-regulated the expression
of IRS-1 mRNA and increased insulin resistance. Our study found that NaB intervention for 12 weeks can
signi�cantly increase the expression of IRS-1 and Glut 4 mRNA, and OP + 6%NaB, OR + 4%NaB has a
signi�cant effect on the improvement of insulin sensitivity and promote glucose intake.

Pancreatic redox homeostasis is closely related to insulin secretion. High-fat diet induced imbalanced
redox homeostasis in obese mice, reduced pancreatic dysfunction and insulin secretion. The expression
of Pdx1 and MafA in obese mice induced by high fat decreased accomponied with dysfunction of
pancreas [28]. This study found that NaB intervention could increase the expression of Pdx1 and MafA
mRNA and insulin secretion in the pancreas.

Consistent with previous publications, our results showed that the expression of Bcl-2 were signi�cantly
down-regulated after a HFD with the increase of Bax and Caspase 3 mRNA levels. Qi et al [29] showed

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 14/21

that radiation signi�cantly reduced the expression of Bcl-2 mRNA, increased the expression of Bax and
Caspase 3, and excessive oxidative stress altered the expression level of apoptosis-related genes. The
study found that Schisandra oil can signi�cantly reduce the content of MDA in pancreatic tissue of
diabetic rats, up-regulate the levels of SOD and CAT and increase the level of Bcl-2 protein, indicating that
the improvement of oxidative stress can inhibit apoptosis[30]. In this study, NaB intervention signi�cantly
improved pancreatic cell function, improve oxidative stress, and inhibit pancreatic cell apoptosis, and OP 
+ 6% NaB and OR + 4% NaB had signi�cant effects. Based on the above �ndings, we found that NaB
regulates the main pathways of blood glucose homeostasis in OP and OR rats: on the one hand, down-
regulates the expression of Bax and Caspase 3, up-regulates Bcl-2 expression, inhibits pancreatic cell
apoptosis; On the one hand, the expression levels of Pdx1 and Mafa are up-regulated and insulin
secretion is promoted; in addition, the expression of IRS-1 and GLUT4 mRNA is increased, muscle
synthesis is promoted, gastrocnemius insulin sensitivity is increased, and blood glucose and insulin
resistance are controlled.

Conclusions
Our study found that in high-fat diet-induced obese SD rats, the addition of NaB improves oxidative stress
in the gastrocnemius and pancreas, thereby improving mitochondrial function, increasing insulin
secretion and muscle insulin sensitivity. In addition, the optimal intervention doses of different obesity
phenotypes for NaB were different, 6% intervention in OP rats, and 4% intervention in OR rats were more
effective, and the relevant mechanism needs further study.
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Figure 1

Effect of NaB on (a) body weight, (b) blood glucose, (c) insulin, and (d) insulin resistant index of high-fat
diet (HFD) fed SD rats. Results are expressed as means ± SE (n =7). Con: control group; OP: obesity-prone
group; OP+4% NaB: obesity-prone supplemented with 4% sodium butyrate; OP+5% NaB: obesity-prone
supplemented with 5% sodium butyrate; OP+6% NaB: obesity-prone supplemented with 6% sodium
butyrate; OR: obesity-resistant group; OR+4% NaB: obesity-resistant supplemented with 4% sodium
butyrate; OR+5% NaB: obesity-resistant supplemented with 5% sodium butyrate; OR+6% NaB: obesity-
resistant supplemented with 6% sodium butyrate; * P<0.05 compared with the control group, # P<0.05
compared with the OP group. Different letters indicate signi�cant differences, P<0.05.
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Figure 2

Effects of NaB on the expression of antioxidant genes (a) Nrf2, (b) NQO-1, (c) HO-1, (d) PI3K, (e) GSK3β
and proteins expression (f) Nrf2 (g) GSK3β of gastrocnemius muscle in SD rats. Results are expressed as
means ± SE (n =7). * P<0.05 versus the control group, # P<0.05 versus the OP group. Different letters
indicate signi�cant differences, P<0.05.
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Figure 3

Effect of NaB on Mitochondrial function in gastrocnemius muscle in SD rats. (a) GSH-px, (b) Mn-SOD, (c)
ATP, (d) Lactic acid, (e) Acetyl CoA, (f) NADH/NAD+, (g) Mitochondrial membrane potential, (h) mDNA
copy number, (i) PGC-1 mRNA and protein expression, (j) TFAM mRNA and protein expression. Results are
expressed as means ± SE (n =7). * P<0.05 versus the control group, # P<0.05 versus the OP group.
Different letters indicate signi�cant differences, P<0.05.

Figure 4
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Effect of NaB on muscle synthesis related gene expression. (a) mTOR, (b) myogenin, (c) S6K1, (d)
myostain, (e) AMPK, (f) SIRT1, (g) IRS-1, (h) Glut4 mRNA expression. Results are expressed as means ±
SE (n =7). * P<0.05 versus the control group, # P < 0.05 versus the OP group. Different letters indicate
signi�cant differences, P<0.05.

Figure 5

Effect of NaB on insulin-related gene expression in SD rats. (a) Pdx-1, (b) MafA, (c) Bcl-2, (d) Bax, (e)
Caspase3 mRNA expression. Results are expressed as means ± SE (n =7). * P<0.05 versus the control
group, # P<0.05 versus the OP group. Different letters indicate signi�cant differences, P<0.05.
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