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Abstract. Butyrate is a major short-chain fatty acid (SCFA) 
produced by microbial fermentation of dietary fiber in 
the gastrointestinal tract. Butyrate is also a well-known 
broad-spectrum histone deacetylase (HDAC) inhibitor. 
Butyrate has been reported to improve energy metabolism 
in rodents, which is associated with its beneficial effects on 
skeletal muscle, brown fat tissue and pancreatic β-cells. The 
present study investigated the direct effect of butyrate on 
hepatic gluconeogenesis in mouse primary hepatocytes and 
the underlying mechanism. Isolated mouse primary hepa-
tocytes were incubated with sodium butyrate, other HDAC 
inhibitors and other SCFAs. Hepatic glucose production was 
measured and gluconeogenic gene expression was detected 
by polymerase chain reaction analysis. The phosphorylation 
of cyclic adenosine monophosphate (cAMP) response element 
binding protein (CREB) was assessed by western blot analysis. 
The results revealed that sodium butyrate dose-dependently 
increased hepatic glucose production and gluconeogenic 
gene expression in isolated mouse primary hepatocytes. 

Trichostatin A, a potent broad-spectrum HDAC inhibitor, had 
the opposite effect. Similar to sodium butyrate, propionate, 
which is another SCFA, promoted hepatic glucose production 
and gluconeogenic gene expression in the presence or absence 
of gluconeogenic substrates, which were further enhanced 
by cAMP. Furthermore, sodium butyrate also increased the 
accumulation of intracellular ATP and induced the phos-
phorylation of CREB in mouse hepatocytes. In conclusion, 
the present study suggested that butyrate stimulates hepatic 
gluconeogenesis and induces gluconeogenic gene expression 
as a substrate and cAMP/CREB signaling activator.

Introduction

Metabolic syndrome is a cluster of risk factors, including 
obesity, type 2 diabetes, dyslipidemia, hypertension and 
cardiovascular disease (1). Dietary intervention is a potential 
strategy to prevent and treat metabolic syndrome. It has been 
revealed that fiber-enriched diets improve obesity, insulin 
sensitivity and glucose tolerance, which is attributed to the 
production of short-chain fatty acid (SCFA) mediated by the 
gut microbiota (2-5). The most abundant SCFAs in the gut 
include acetate, propionate and butyrate (6). Although the 
major source of butyrate is the fermentation of dietary fibers, 
it is also contained in butter and cheese (7). Butyrate supple-
mentation has been demonstrated to ameliorate diet-induced 
obesity, dyslipidemia, insulin resistance and glucose intoler-
ance in mice (8). However, the mechanisms underlying the 
beneficial effect of butyrate has remained largely elusive.

It is well accepted that butyrate acts not only as a signaling 
molecule for the G-protein-coupled-receptor 41 (GPR41) 
and GPR43, but also as a wide-spectrum histone deacetylase 
(HDAC) inhibitor (9,10). Histone deacetylases regulate gene 
transcription by deacetylation of proteins, including histone 
proteins and transcription factors. In recent years, HDAC has 
emerged as a novel molecular target in the treatment of type 2 
diabetes. It has been demonstrated that HDACs are crucial 
regulators of pancreatic cell fate determination (11). Butyrate 
treatment was reported to improve β-cell proliferation, function 
and glucose homeostasis as well as to reduce β-cell apoptosis 
through HDAC inhibition and histone acetylation in diabetic 
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rats (12). Li et al (13) observed that sodium butyrate-stimulated 
fibroblast growth factor 21 expression and enhanced fatty acid 
oxidation in the liver by inhibition of HDAC3. In addition, 
sodium butyrate has been demonstrated to improve systemic 
insulin sensitivity and increase energy expenditure in mice via 
upregulating mitochondrial function in skeletal muscle and 
brown fat through peroxisome proliferator-activated receptor γ 
coactivator 1α (PGC-1α) induction and elevation of adenosine 
monophosphate-activated protein kinase activity (8). However, 
the direct effect of butyrate on hepatic gluconeogenesis has 
remained to be elucidated.

Gluconeogenesis is an important pathological contributing 
factor in diabetic subjects and abnormally high during the 
progression of diabetes (14). In the liver, class IIa HDACs 
mediate glucogan-induced gluconeogenic gene expression 
through promoting deacetylation and activation of forkhead 
box O (FoxO) transcription factors. Hepatic knockdown of 
Class IIa HDACs in vivo resulted in lowered blood glucose 
in mice (15). Therefore, the present study investigated the 
direct effect of butyrate on gluconeogenesis in isolated mouse 
primary hepatocytes. Unexpectedly, butyrate significantly 
increased hepatic gluconeogenesis and the expression of 
gluconeogenic genes, which was different from the actions of 
other HDAC inhibitors.

Materials and methods

Materials. Hepatocyte medium was purchased from 
ScienCell (Carlsbad, CA, USA). Dulbecco's modified Eagle's 
medium (DMEM), Hank's balanced salt solution (HBSS), 
PBS and collagenase type IV (200 units/mg) were from 
Gibco (Thermo Fisher Scientific, Inc., Waltham, MA, USA). 
Sodium pyruvate, sodium L-lactate, dexamethasone, bovine 
serum albumin (BSA), 8-bromo-cyclic adenosine mono-
phosphate (8-bromo-cAMP), acetate, propionate, sodium 
butyrate, Trichostatin A (TSA), CI994, Entinostat (MS-275), 
PCI-34051 and tubacin were obtained from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany). All primers used for 
reverse-transcription quantitative polymerase chain reac-
tion (RT-qPCR) were synthesized by Shanghai Biological 
Engineering Technology & Services Co., Ltd. (Shanghai, 
China). Anti-cAMP response element-binding protein (CREB; 
cat no. 9197S) and anti-phosphorylated (p)-CREB (Ser133; 
cat no. 9198) as well as anti-mouse immunoglobulin (Ig)G 
(cat no. 14709) and anti-rabbit IgG conjugated with horse-
radish peroxidase (cat no. 7074) were from Cell Signaling 
Technology Inc. (Beverly, MA, USA). The antibody to 
GAPDH (cat no. sc25778) was purchased from Santa Cruz 
Biotechnology, Inc. (Danvers, MA, USA).

Isolation and culture of mouse primary hepatocytes. A total 
of 20 Male C57BL/6 mice (age, 6-8 weeks; weight, 16-18 g) 
were purchased from Shanghai Slack Experimental Center 
(Shanghai, China). Primary hepatocytes were isolated from 
C57BL/6 mice by a modified version of the collagenase 
method. In a biosafety cabinet, mouse livers were perfused 
with 10 ml calcium-free HBSS through the portal vein under 
anesthesia with 10% chloral hydrate (Sigma-Aldrich; Merck, 
KGaA). The liver was excised by careful dissection and trans-
ferred to a 10‑cm tissue culture dish. Mice were then sacrificed 

via cervical dislocation. The isolated liver was perfused with 
0.05% collagenase IV (Gibco; Thermo Fisher Scientific, Inc.) 
dissolved in 20 ml calcium-containing HBSS in a recirculating 
manner for 15 min. Hepatocytes extracted from digested livers 
were filtered through a 100‑µm cell strainer, washed 3 times 
with PBS and re-suspended in hepatocyte medium containing 
100 U/ml penicillin, 100 µg/ml streptomycin, 0.1% BSA 
and hepatocyte growth factor (all from ScienCell Research 
Laboratories, Inc., San Diego, CA, USA). The cells were 
seeded on 6-well or 24-well plates and incubated in a tissue 
culture incubator at 37˚C (95% air and 5% CO2). After 24 h, 
the cells had already attached to the plates and the medium 
was replaced with DMEM containing 5.5 mM glucose and 
0.25% BSA, followed by drug treatment. All mice used in the 
present study for isolation of hepatocytes were fed a normal 
diet under a regular schedule and were not fasted. All of the 
experimental procedures involving the use of animals were 
approved by the Animal Use and Care Committee of Shanghai 
Jiaotong University School of Medicine (Shanghai, China).

Cell culture and treatments. Mouse primary hepatocytes 
were cultured in DMEM supplemented with 0.25% BSA 
overnight at 37˚C with 5% CO2. To evaluate the effect of 
butyrate on hepatic gluconeogenesis, mouse primary hepato-
cytes were incubated with sodium butyrate for 8 h at various 
concentrations (0, 0.1, 1, 5, or 10 mmol/l). To investigate 
the effect of HDAC inhibitors on hepatic gluconeogenesis, 
cells were incubated in glucose-free DMEM containing 
gluconeogenic substrates (10 mmol/l sodium lactate and 
1 mmol/l sodium pyruvate), 8‑bromo‑cAMP (100 µmol/l) 
and with the following HDAC inhibitors: TSA (100 nmol/l), 
CI994 (10 µmol / l), MS‑275 (10 µmol / l), PCI-34051 
(10 µmol/l), Tubacin (10 µmol/l) or sodium butyrate 
(5 mmol/l). Following 8 h incubation at 37˚C, cell culture 
supernatants were collected for measuring the glucose 
content. Mouse primary hepatocytes were then treated with 
sodium butyrate (5 mmol/l) and TSA (100 nmol/l) in the 
presence of 8‑bromo‑cAMP (100 µmol/l) for 8 h at 37˚C, 
the mRNA expression of gluconeogenic genes were detected 
using RT-qPCR. To compare the effects of three SCFAs 
on hepatic glucose production, mouse hepatocytes were 
treated with acetate (5 mmol/l), propionate (5 mmol/l) or 
sodium butyrate (5 mmol/l) for 8 h at 37˚C in the presence 
of gluconeogenic substrates (10 mmol/l sodium lactate and 
1 mmol/l sodium pyruvate). To test whether SCFAs affect 
hepatic gluconeogenesis as substrates, mouse hepatocytes 
were incubated with one of three different SCFAs (acetate, 
propionate, or sodium butyrate; 5 mmol/l each) and 100 µM 
8-bromo-cAMP in the absence of gluconeogenic substrates 
(10 mmol/l sodium lactate and 1 mmol/l sodium pyruvate) for 
8 h at 37˚C. To assess the phosphorylation levels of CREB, 
mouse hepatocytes were treated with butyrate (5 mmol/l) or 
8‑bromo‑cAMP (100 µmol/l) for 1 h at 37˚C.

In vitro glucose production assay. Glucose production was 
assayed as described previously (16). In brief, hepatocytes 
were seeded into 24-well plates at 2.5x105 cells/well. After 
24 h, these hepatocytes were pre-stimulated with DMEM 
containing 5.5 mM glucose, 0.25% BSA and 100 nM dexa-
methasone for 16 h. Cells were then washed three times with 
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PBS and incubated in glucose production buffer (DMEM 
without glucose, serum or phenol red, and supplemented with 
1 mM sodium pyruvate and 10 mM sodium lactate). After 8 h, 
the cell culture supernatants were collected for measuring the 
glucose content using a glucose oxidase kit (Applygen Co., 
Beijing, China).

RNA extraction and RT‑qPCR. Total RNA was extracted from 
mouse primary hepatocytes using TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac-
turer's instructions. Complementary DNA was synthesized 
by RT using Random Primers (Promega Corp., Madison, WI, 
USA) according to the manufacturer's protocol. RT-qPCR 
was performed in a Roche LightCycler 480 system (Roche 
Diagnostics, Basel, Switzerland) using SYBR Premix EX Taq 
(Takara, Tokyo, Japan). The PCR conditions were as follows: 
Denaturation at 95˚C for 10 sec, followed by 40 cycles of 95˚C 
for 5 sec. The annealing temperature was then reduced to 60˚C 
for 31 sec with a final elongation step at 72˚C for 300 sec. At 
the end of the amplification, a melting curve was generated in 
the temperature range of 60‑95˚C. The sequences of primers 
used are listed in Table I. Relative gene expression levels 
were quantified based on the cycle threshold (Cq) values and 
normalized to the reference gene β-actin. The relative gene 
expression was calculated using the 2-ΔΔCq method (17).

Western blot analysis. Primary hepatocytes were treated with 
radioimmunoprecipitation lysis buffer containing protease 
and phosphatase inhibitors (Merck KGaA) and centrifuged at 
a speed of 6,000 x g for 10 min at 4˚C. The supernatant was 
then used to analyze the expression levels of specific proteins. 
Protein concentration was determined using a BCA protein 
assay kit (Thermo Fisher Scientific, Inc.). A total of 10 µg 
protein was loaded per lane and separated in 15% SDS-PAGE. 
Samples were then transferred onto polyvinylidene fluoride 
membranes (ECL Advance; Cell Signaling Technology, Inc). 
Prior to western blot analysis, membranes were blocked 

with 5% skimmed milk for 2 h at 37˚C and subsequently 
incubated at 4˚C overnight with rabbit anti-mouse primary 
antibodies sourced from Cell Signaling Technology Inc. These 
included cAMP response element-binding protein (CREB; 
cat. no. 9197S; 1:1,000) and phosphorylated (p)-CREB (Ser133; 
cat. no. 9198; 1:1,000). GAPDH antibodies (cat. no. sc25778; 
1:1,000) were purchased from Santa Cruz Biotechnology, Inc. 
Membranes were then incubated with mouse anti-rabbit horse-
radish peroxidase-labeled IgG secondary antibodies (1:2,000; 
cat. no. 7074; Cell Signaling Technology Inc.,) overnight at 4˚C. 
The results were visualized using an immobilon ECL ultra 
western HRP substrate (cat. no. WBULS0100; Merck KGaA) 
and images were captured using an LAS-4000 Super CCD 
Remote Control Science Imaging System (Fuji, Tokyo, Japan).

Adenosine triphosphate (ATP) assay. The amount of ATP was 
measured by the luciferin-luciferase method according to the 
protocol of the ATP detection kit (cat. no. S0026; Beyotime 
Institute of Biotechnology, Inc., Haimen, China). Primary hepa-
tocytes were seeded onto 24-well plates at 2.5x105 cells/well. 
After 24 h, these cells received the same dexamethasone 
pre-stimulation as described in the glucose production assay. 
The cells were then treated with propionate (5 mmol/l) and 
different concentrations of sodium butyrate (0, 0.1, 1, 5 and 
10 mmol/l) for 1 h prior to lysis with lysis buffer (200 µl/well) 
from the ATP detection kit. After centrifugation at 12,000 x g 
for 5 min at 4˚C, the supernatant was transferred to a fresh 
tube for the ATP test. The luminescence of a 20‑µl sample 
was assayed in a luminometer (Perkin Elmer, Inc., Waltham, 
MA, USA) together with 100 µl ATP detection buffer from the 
ATP detection kit. The protein concentration was determined 
using a bicinchoninic acid protein assay kit (Thermo Fisher 
Scientific, Inc.). The concentration of ATP was normalized to 
that of protein in the same cell lysate.

Statistical analysis. All values are expressed as the 
mean ± standard error of the mean from at least three 

Table I. Sequences of primers used for polymerase chain reaction.

Gene Sequence no. Primer sequence (5'-3') Product length (bp)

PEPCK NM_011044.2 F, GTGCTGGAGTGGATGTTCGG 258
  R, CTGGCTGATTCTCTGTTTCAGG 
G6pase NM_008061.4 F, ACTGTGGGCATCAATCTCCTC 344
  R, CGGGACAGACAGACGTTCAGC 
FoxO1 NM_019739.3 F, AAGAGCGTGCCCTACTTCAA 157
  R, CTCCCTCTGGATTGAGCATC 
PGC-1α NM_008904.2 F, ATACCGCAAAGAGCACGAGAAG 253
  R, CTCAAGAGCAGCGAAAGCGTCACAG 
HNF4α NM_008261.3 F, ATGCGACTCTCTAAAACCCTTG 135
  R, ACCTTCAGATGGGGACGTGT 
β-actin NM_007393.5 F, GGCTGTATTCCCCTCCATCG 154
  R, CCAGTTGGTAACAATGCCATGT 

FOX, forkhead box; PEPCK, phosphoenolpyruvate carboxykinase; G6pase, glucose 6-phosphatase; PGC1α, peroxisome proliferator-activated 
receptor γ coactivator 1α; HNF4α, hepatocyte nuclear factor 4α; F, forward; R, reverse.
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independent experiments. Two group comparisons were 
performed using a Student's t-test. All statistical analyses were 
performed using SPSS 19.0 (IBM Corp., Armonk, NY, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Sodium butyrate stimulates hepatic glucose production and 
gluconeogenic gene expression. To determine the effects 
of butyrate on hepatic gluconeogenesis, mouse primary 
hepatocytes were incubated with various concentrations 
of sodium butyrate for 8 h. Unexpectedly, sodium butyrate 
stimulated hepatic glucose production in a dose-dependent 
manner, causing a significant increase at the concentration 
of 1 mM (P<0.01; Fig. 1A). Under the same conditions, the 
expression of genes associated with hepatic gluconeogenesis, 
including phosphoenolpyruvate carboxykinase (PEPCK), 
glucose-6-phosphatase (G6Pase), FoxO1, PGC-1α and 
hepatocyte nuclear factor 4α (HNF4α) was also increased. 
Consistent with the results on gluconeogenesis, sodium 
butyrate dose-dependently increased the mRNA expression 
of these gluconeogenic genes, with the maximum efficacy at 
the concentration of 10 mM (Fig. 1B-F).

Effects of various HDAC inhibitors on hepatic gluconeo‑
genesis. To investigate whether sodium butyrate-stimulated 
gluconeogenesis is involved in the inhibition of HDACs, the 
effects of other HDAC inhibitors, including TSA, CI994, 
MS-275, PCI-34051 and tubacin, on hepatic glucose produc-
tion in mouse primary hepatocytes were detected. After mouse 
hepatocytes were incubated with 100 µM 8‑bromo‑cAMP 
for 8 h, glucose production was markedly increased. In the 
presence of 100 nM TSA, 10 µM CI994 or 10 µM PCI‑34051, 
8‑bromo‑cAMP‑stimulated gluconeogenesis was significantly 
decreased. However, sodium butyrate treatment further 
enhanced glucose production induced by 8-bromo-cAMP. The 
other two HDAC inhibitors had no significant effect (Fig. 2A). 
TSA is a potent inhibitor of class I and II HDAC (18). The 
present study further compared the effects of TSA and sodium 
butyrate on the expression of the five gluconeogenic genes. As 
expected, the expression of all of these gluconeogenic genes 
was strongly induced by 8-bromo-cAMP. Contrary to the 
action of sodium butyrate, TSA suppressed cAMP-stimulated 
gluconeogenic gene expression (Fig. 2B-F). It is therefore 
unlikely that sodium butyrate promotes gluconeogenesis via 
inhibiting HDAC activity.

Effects of various SCFAs on hepatic glucose production and 
gluconeogenic gene expression. To investigate whether sodium 
butyrate stimulates gluconeogenesis as an energy substrate, 
the present study compared the effects of three SCFAs on 
hepatic glucose production. Mouse hepatocytes were treated 
with 5 mM acetate, propionate or sodium butyrate for 8 h in 
the presence of gluconeogenic substrates (sodium lactate and 
sodium pyruvate). Similar to sodium butyrate, propionate 
also promoted hepatic glucose production (Fig. 3A). Sodium 
butyrate supplementation led to increases in the expression 
of all of the selected gluconeogenic genes. Propionate signifi-
cantly triggered the mRNA expression of PEPCK, G6Pase, 

FoxO1 and PGC-1α, but not that of HNF4α (Fig. 3B-F). 
Although acetate had no significant effects on glucose produc-
tion, it significantly increased the expression of FoxO1 and 
PGC-1α (Fig. 3A, D and E).

Sodium butyrate stimulates hepatic glucose production 
as a substrate. To test whether sodium butyrate induces 
glucose production as a type of gluconeogenic substrate, 
mouse primary hepatocytes were incubated with one of three 
SCFAs in the absence of gluconeogenic substrates. Acetate, 
propionate and sodium butyrate all increased hepatic gluco-
neogenesis. Propionate had the most noticeable effect. In the 
presence of three SCFAs, addition of 8-bromo-cAMP further 
enhanced the glucose production (Fig. 4A). In agreement with 
the results on gluconeogenesis, 8‑bromo‑cAMP significantly 
enhanced butyrate and propionate-stimulated expression of 
the five gluconeogenic genes (Fig. 4B-F). Acetate supple-
mentation only led to mild increases in PEPCK and PGC-1α 
expression (Fig. 4B and E). It is well accepted that propionate 
is a substrate for hepatic glucose production (19). Therefore, it 
is reasonable to presume that butyrate also stimulates hepatic 
gluconeogenesis as a substrate.

Sodium butyrate activates CREB in mouse hepatocytes. It 
is well-known that cAMP/CREB is an important signaling 
pathway for hepatic gluconeogenesis (20,21). The present study 
investigated whether the cAMP/CREB signaling pathway is 
involved in butyrate-mediated induction of gluconeogenesis. 
As ATP is the substrate for cAMP production, the present 
study first detected the intracellular ATP concentration after 
mouse primary hepatocytes were incubated with various 
concentrations of sodium butyrate for 1 h. In parallel with 
glucose production, sodium butyrate treatment resulted in 
the accumulation of intracellular ATP in a dose-dependent 
manner, exhibiting a significant effect at the concentration of 
1 mM (P<0.05; Fig. 5A). However, gluconeogenic substrates 
(sodium lactate and sodium pyruvate) as well as propionate did 
not alter the intracellular ATP concentration (Fig. 5B). Next, 
western blot analysis was performed to evaluate the phos-
phorylation state of CREB in butyrate-treated hepatocytes. 
Similar to 8-bromo-cAMP, sodium butyrate also stimulated 
the phosphorylation of CREB (Fig. 5C). Overall, these results 
indicated that butyrate activates cAMP/CREB signaling and 
stimulates the expression of hepatic gluconeogenic genes, at 
least in part via increasing the accumulation of intracellular 
ATP.

Discussion

The liver is the major site of gluconeogenesis from red blood 
cell-derived pyruvate and lactate and from amino acid precur-
sors. Hepatic metabolism has a key role in the regulation of 
the energy status of the whole body. Increased glucose produc-
tion through abnormally elevated hepatic gluconeogenesis 
is central to the manifestation of hyperglycaemia in type 2 
diabetes (22). The present study demonstrated that butyrate 
promoted gluconeogenesis in mouse primary hepatocytes as 
a substrate and signaling molecule, which appears paradoxical 
to its beneficial effect on the whole‑body energy metabolism 
in rodent animals. To the best of our knowledge, there is little 
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Figure 1. Sodium butyrate dose-dependently increases hepatic glucose production and gluconeogenic gene expression. (A) Mouse primary hepatocytes were 
incubated with the indicated concentrations of sodium butyrate for 8 h. The cell culture supernatants were subsequently collected for measuring the glucose 
content. (B-F) The mRNA expression of gluconeogenic genes in mouse hepatocytes treated with sodium butyrate for 8 h was detected by reverse-transcription 
quantitative polymerase chain reaction analysis. Values are expressed as the mean ± standard error of the mean of three separate experiments. *P<0.05, 
**P<0.01, ***P<0.001 compared with control group. FOX, forkhead box; PEPCK, phosphoenolpyruvate carboxykinase; G6pase, glucose 6-phosphatase; PGC1α, 
peroxisome proliferator-activated receptor γ coactivator 1α; HNF4α, hepatocyte nuclear factor 4α.
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Figure 2. Effect of various HDAC inhibitors on hepatic glucose production. (A) Mouse hepatocytes were incubated with different HDAC inhibitors (100 nM 
TSA, 10 µM CI994, 10 µM MS‑275, 10 µM PCI‑34051, 10 µM Tubacin or 5 mM SB) in glucose‑free Dulbecco's modified Eagle's medium containing 
gluconeogenic substrates (10 mM sodium lactate and 1 mM sodium pyruvate) and 100 µM 8‑bromo‑cAMP for 8 h. The cell culture supernatants were 
collected for measuring the glucose content. (B-F) After mouse hepatocytes were treated with 5 mM sodium butyrate and 100 nM TSA in the presence 
of 100 µM 8‑bromo‑cAMP for 8 h, the mRNA expressions of gluconeogenic genes were detected by reverse‑transcription quantitative polymerase chain 
reaction analysis. Values are expressed as the mean ± standard error of the mean of three separate experiments. *P<0.05, **P<0.01 compared with control 
group; #P<0.05, ##P<0.01, ###P<0.001 compared with 8-bromo-cAMP group. 8-bromo-cAMP, 8-bromo-cyclic adenosine monophosphate; TSA, Trichostatin A; 
MS-275, Entinostat; HDAC, histone deacetylase; SB, sodium butyrate; FOX, forkhead box; PEPCK, phosphoenolpyruvate carboxykinase; G6pase, glucose 
6-phosphatase; PGC1α, peroxisome proliferator-activated receptor γ coactivator 1α; HNF4α, hepatocyte nuclear factor 4α.



EXPERIMENTAL AND THERAPEUTIC MEDICINE  17:  1677-1687,  2019 1683

Figure 3. Effect of various short-chain fatty acids on hepatic glucose production and gluconeogenic gene expression. (A) Mouse hepatocytes were incubated 
with 5 mM acetate, propionate or SB in glucose‑free Dulbecco's modified Eagle's medium containing gluconeogenic substrates (10 mM sodium lactate 
and 1 mM sodium pyruvate) for 8 h. The cell culture supernatants were collected for measuring glucose content. (B-F) Under the same conditions, the 
mRNA expression of gluconeogenic genes was detected by reverse-transcription quantitative polymerase chain reaction analysis. Values are expressed as 
the mean ± standard error of the mean of three separate experiments. *P<0.05, **P<0.01, ***P<0.001 compared with substrate group. SB, sodium butyrate; 
FOX, forkhead box; PEPCK, phosphoenolpyruvate carboxykinase; G6pase, glucose 6-phosphatase; PGC1α, peroxisome proliferator-activated receptor γ 
coactivator 1α; HNF4α, hepatocyte nuclear factor 4α.
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Figure 4. Sodium butyrate stimulates hepatic glucose production as a substrate. (A) Mouse hepatocytes were incubated with different short-chain fatty acids 
(5 mM) and 100 µM 8‑bromo‑cAMP in the absence of gluconeogenic substrates (sodium lactate and sodium pyruvate) for 8 h. The cell culture superna-
tants were collected for measuring the glucose content. (B-F) Under the same conditions, the mRNA expression of gluconeogenic genes was detected by 
reverse-transcription quantitative polymerase chain reaction analysis. Values are expressed as the mean ± standard error of the mean of three separate experi-
ments. *P<0.05, ***P<0.001 compared with control group; #P<0.05, ##P<0.01, ###P<0.001 compared with CON group (without 8-bromo-cAMP). CON, control; 
8-bromo-cAMP, 8-bromo-cyclic adenosine monophosphate; SB, sodium butyrate; FOX, forkhead box; PEPCK, phosphoenolpyruvate carboxykinase; G6pase, 
glucose 6-phosphatase; PGC1α, peroxisome proliferator-activated receptor γ coactivator 1α; HNF4α, hepatocyte nuclear factor 4α. 
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evidence demonstrating that butyrate directly improves blood 
glucose levels in human studies.

Gluconeogenesis is tightly controlled through the tran-
scriptional regulation of PEPCK and G6Pase. Numerous 
transcription factors and co-activators, such as FoxO1, PGC-1α 
and HNF4α, are involved in the induction of the two hepatic 
gluconeogenic genes (23). Class IIa HDAC, together with 
HDAC3, was reported to regulate hepatic gluconeogenesis via 
deacetylation of FoxO1 (15). Butyrate is a well-characterized 

HDAC inhibitor. Similar to TSA, butyrate was reported to 
inhibit HDAC enzymes and increase the overall level of 
histone H3 acetylation (24). A previous study demonstrated 
that butyrate functioned as an HDAC inhibitor to stimulate the 
proliferation of colonocytes through changing their glucose 
metabolism (25). Therefore, the present study first investigated 
whether butyrate affected hepatic glucose production by 
acting as an HDAC inhibitor. Among six HDAC inhibitors, 
only sodium butyrate increased gluconeogenesis and TSA 
exerted the opposite effect. TSA is typically considered a 
broad-spectrum HDAC inhibitor. The present study further 
detected the expression of gluconeogenic genes in isolated 
mouse primary hepatocytes treated with sodium butyrate 
and TSA. In consistency with the results on gluconeogenesis, 
sodium butyrate enhanced 8-bromo-cAMP-stimulated hepatic 
gluconeogenic gene expression, while TSA had the opposite 
effect. These results indicated that butyrate stimulates gluco-
neogenesis and upregulates gluconeogenic gene expression 
independent of HDAC.

Besides being a broad-spectrum HDAC inhibitor, butyrate 
is an SCFA (6). In the present study, the effects of three SCFAs 
on hepatic glucose production and gluconeogenic gene expres-
sion were compared at the same concentration. Similar to 
sodium butyrate, propionate also stimulated gluconeogenesis 
and the expression of associated genes in mouse primary 
hepatocytes. Propionate has long been described as a hepatic 
gluconeogenic substrate (26). Infused propionate as a tracer 
was reported to markedly increase hepatic tricarboxylic 
acid metabolism and drive hepatic glucose production in a 
dose-dependent manner (19). Dietary supplementation with 
SCFAs, including propionate and butyrate, induced intestinal 
glucose production. Butyrate directly stimulated PEPCK and 
G6Pase expression in enterocytes in vitro (6). Therefore, it 
is likely that butyrate, as propionate, is also a gluconeogenic 
substrate. As expected, the present study demonstrated that 
sodium butyrate alone induced hepatic glucose production and 
gluconeogenic gene expression in mouse hepatocytes cultured 
with media void of other gluconeogenic substrates (sodium 
lactate and pyruvate).

cAMP has a pivotal role in the signaling pathways of hepatic 
gluconeogenesis (20). Since intracellular ATP is the substrate of 
cAMP production, the present study detected the intracellular 
ATP content in mouse hepatocytes incubated with butyrate 
and propionate. In agreement with the results of a previous 
study (27), propionate had no effect on the ATP concentra-7), propionate had no effect on the ATP concentra-), propionate had no effect on the ATP concentra-
tion in the present study. However, butyrate dose-dependently 
induced the accumulation of intracellular ATP, demonstrating 
a similar increase to that during gluconeogenesis. Another 
mechanism underlying butyrate-stimulated gluconeogenesis 
except as a substrate has been reported; butyrate increased 
cAMP levels and protein kinase A activity in T-cells (28) and 
regulated the proliferation of porcine peripheral blood mono-
nuclear cells in a cAMP-dependent manner (29). The present 
study revealed that butyrate stimulated the phosphorylation of 
CREB in mouse primary hepatocytes. These results suggested 
that butyrate stimulates gluconeogenesis via activating 
cAMP/CREB signaling.

In conclusion, the present study demonstrated that butyrate 
has a dual role in stimulating hepatic glucose production as 
a substrate and signaling molecule. cAMP/CREB signaling 

Figure 5. Effects of butyrate on intracellular ATP content and CREB 
phosphorylation. (A) Mouse hepatocytes were incubated with the indicated 
concentrations of sodium butyrate for 1 h. Intracellular ATP concentration 
was measured by the luciferin-luciferase method. (B) Mouse hepatocytes 
were incubated with gluconeogenic substrates (10 mM sodium lactate and 
1 mM sodium pyruvate), 5 mM proprionate, and 5 mM butyrate for 1 h. 
Intracellular ATP concentration was measured. (C) Mouse hepatocytes 
were treated with 5 mM butyrate or 100 µM 8‑bromo‑cAMP for 60 min. 
The phosphorylation level of CREB was detected by western blot analysis. 
Values are expressed as the mean ± standard error of the mean. *P<0.05, 
**P<0.01, ***P<0.001 compared with control group. ATP, adenosine triphos-
phate; p/t-CREB, phosphorylated/total cAMP response binding protein; 
8-bromo-cAMP, 8-bromo-cyclic adenosine monophosphate.
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is involved in butyrate-induced hepatic gluconeogenic gene 
expression. Apparently, the beneficial effects of butyrate on 
other tissues counterbalances its action on hepatic gluco-
neogenesis, eventually improving the whole-body energy 
metabolism in rodent animals. However, additional studies 
should be performed before sodium butyrate is used in the 
treatment of type 2 diabetes mellitus in the clinic.
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