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Abstract: Histone deacetylase (HDAC) inhibitors such as butyrate have been reported to reduce
diabetes risk and protect insulin-secreting pancreatic β cells in animal models. However, studies on
insulin-secreting cells in vitro have found that butyrate treatment resulted in impaired or inappropri-
ate insulin secretion. Our study explores the effects of butyrate on insulin secretion by BRIN BD-11
rat pancreatic β cells and examined effects on the expression of genes implicated in β cell function.
Robust HDAC inhibition with 5 mM butyrate or trichostatin A for 24 h in β cells decreased basal
insulin secretion and content, as well as insulin secretion in response to acute stimulation. Treatment
with butyrate also increased expression of the disallowed gene hexokinase I, possibly explaining
the impairment to insulin secretion, and of TXNIP, which may increase oxidative stress and β cell
apoptosis. In contrast to robust HDAC inhibition (>70% after 24 h), low-dose and acute high-dose
treatment with butyrate enhanced nutrient-stimulated insulin secretion. In conclusion, although
protective effects of HDAC inhibition have been observed in vivo, potent HDAC inhibition impairs
β cell function in vitro. The chronic low dose and acute high dose butyrate treatments may be more
reflective of in vivo effects.
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1. Introduction

Butyrate is a short-chain fatty acid (SCFA) produced by gut microbial fermentation
of resistant starch that is of interest as a therapeutic to protect against type 2 diabetes
and the metabolic syndrome [1]. Butyrate alters gene expression by inhibiting histone
deacetylases (HDACs), increasing the epigenetic mark of histone acetylation, which is
generally associated with active gene expression. Butyrate also binds and activates the
G protein-coupled (GPR) free fatty acid receptors (FFAR) FFAR2 and FFAR3, which can
influence metabolism, particularly in the intestine, where this action promotes the release
of gut hormones such as GLP-1, known to enhance insulin secretion [2]. In animal models
of high fat diets, butyrate has been reported to reduce fasting insulin and glucose and to
improve glucose and insulin tolerance [3–6]. Furthermore, it has been reported to reduce β

cell apoptosis and prevent pancreatic islet hyperplasia in animal models of diabetes [5,7].
In an ex vivo study, islets from mice treated with butyrate had increased glucose-stimulated
insulin secretion (GSIS) with reduced basal insulin secretion [5].

The in vitro story appears to be more complex. Insulin-secreting cell lines treated
with butyrate reportedly demonstrated defective GSIS. In particular, a study utilising rat
clonal BRIN-BD11 beta cells reported that 72 h butyrate treatment reduced both basal
and glucose-stimulated insulin secretion, while also reducing cellular insulin content [8].
However, cell viability was also significantly reduced, indicating this prolonged treatment
regime was toxic to the cells. Conversely, two studies of RIN-m5F cells, which are usually
poorly responsive to glucose, reported that butyrate increased insulin secretion at both
high and low glucose concentrations [9,10]. This was associated with increased activity of
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glucokinase (high Km hexokinase), as well as low Km hexokinases, which operate at high
(physiological) and low glucose concentrations, respectively [9]. This indicates increased
glucose sensing at both low and high glucose concentrations, which could result in hyperin-
sulinemia and affect blood glucose in an in vivo context. These prior studies on BRIN-BD11
and RIN-m5F cells are limited by the use of toxic, prolonged butyrate treatments [8] or
the use of less-responsive cell lines [9,10], respectively. Furthermore, Yamato [11] found
the potent HDAC inhibitor trichostatin A (TSA) increased basal and decreased stimulated
insulin secretion in MIN6 cells, while downregulating important β cell identity genes Pdx1
and MafA, suggesting that the cells were becoming dedifferentiated.

We have previously shown that following 24 h treatment with 5 mM sodium bu-
tyrate and 2.5 µM TSA, the HDAC activity of BRIN-BD11 cells is reduced to 25% and to
non-detectable levels, respectively, and that butyrate increases global H3K9 and H4K8
acetylation in these cells in a dose-dependent manner [12]. In this study, we investigated
the effects of both chronic and acute butyrate exposure on insulin secretion, utilising BRIN-
BD11 cells. This included exploration of effects on targeted genes implicated in β cell
function and identity and examination of specific histone modifications and the use of TSA
to determine whether effects are due to HDAC inhibition.

2. Results
2.1. Butyrate Is Non-Toxic to BRIN-BD11 Cells

Treatment of BRIN-BD11 cells with sodium butyrate for 24 h had no significant
influence on the viability of BRIN-BD11 cells; even at the very high concentration of 20 mM,
cell viability was close to 90% and did not differ significantly from control cells (Figure 1).
At 1, 5 and 10 mM butyrate concentrations, viability remained above 95%.
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Figure 1. The effects of 24 h butyrate treatment on cell viability, as determined by the alamarBlue® assay.

2.2. HDAC Inhibition Impairs Insulin Secretion and Reduces Insulin Content in
BRIN-BD11 Cells

Treatment of BRIN-BD11 cells with 5 mM sodium butyrate (Figure 2a) and 2.5 µM
TSA (Figure 2b) reduced chronic insulin secretion into culture media over the 24 h treat-
ment period, conducted in the present work in media containing 11.1 mM glucose, as is
standard [13]. Subsequent acute stimulation with 16.7 mM glucose and 10 mM alanine
(a widely accepted positive control condition) [14] caused significant increases in insulin
secretion in control cells and in cells treated for 24 h with 1 mM sodium butyrate, but
this response was significantly blunted in cells treated with 5 mM sodium butyrate or
2.5 µM TSA for 24 h. The insulin content of these cells was also reduced (Figure 2c). The



Int. J. Mol. Sci. 2021, 22, 13330 3 of 15

percentage of cellular insulin content secreted by cells acutely stimulated with glucose and
alanine was also decreased by TSA (Figure 2d); thus, the reduction in insulin secretion was
not completely accounted for by a decrease in the insulin content of the cells. By contrast,
1 mM sodium butyrate significantly increased the percentage of insulin secreted.

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 3 of 15 
 

 

(a widely accepted positive control condition) [14] caused significant increases in insulin 
secretion in control cells and in cells treated for 24 h with 1 mM sodium butyrate, but this 
response was significantly blunted in cells treated with 5 mM sodium butyrate or 2.5 µM 
TSA for 24 h. The insulin content of these cells was also reduced (Figure 2c). The 
percentage of cellular insulin content secreted by cells acutely stimulated with glucose 
and alanine was also decreased by TSA (Figure 2d); thus, the reduction in insulin secretion 
was not completely accounted for by a decrease in the insulin content of the cells. By 
contrast, 1 mM sodium butyrate significantly increased the percentage of insulin secreted. 

  

(a) (b) 

  
(c) (d) 

Figure 2. Insulin secretion following 24 h treatment with butyrate and 2.5 µM TSA in BRIN-BD11 cells. The effect of 24 h 
exposure to (a) sodium butyrate (SB) and (b) 2.5 µM trichostatin A (TSA) on 24 h (chronic) insulin secretion and in response 
to acute stimulation by 16.7 mM glucose and 10 mM alanine for 20 min (stimulated); (c) the effect of 24 h treatment of 
sodium butyrate and TSA on BRIN-BD11 cellular insulin content; (d) the percentage of total insulin secreted in response 
to stimulation per the insulin content of unstimulated cells. Results are means combined from at least 3 independent 
experiments + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to the relative untreated control. 

2.3. Acute Exposure to Butyrate Synergises Insulin Secretion by Secretagogues 
The previous results demonstrated that 24 h treatment of BRIN-BD11 cells with 5 mM 

sodium butyrate impaired their ability to respond to acute stimulation by glucose and 
alanine. However, in the absence of any prior treatment with butyrate, inclusion of 5 mM 
butyrate in the stimulation media enhanced the secretory response to alanine and glucose 
(Figure 3a). Butyrate also tended to increase insulin secretion in the absence of alanine and 
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due to effects of HDAC inhibition on gene expression, cells were treated with butyrate for 
40 min, before addition of the stimulation media without butyrate. However, this short-
term butyrate treatment (40 min) failed to significantly enhance stimulated insulin 
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Figure 2. Insulin secretion following 24 h treatment with butyrate and 2.5 µM TSA in BRIN-BD11 cells. The effect of 24 h
exposure to (a) sodium butyrate (SB) and (b) 2.5 µM trichostatin A (TSA) on 24 h (chronic) insulin secretion and in response
to acute stimulation by 16.7 mM glucose and 10 mM alanine for 20 min (stimulated); (c) the effect of 24 h treatment of
sodium butyrate and TSA on BRIN-BD11 cellular insulin content; (d) the percentage of total insulin secreted in response
to stimulation per the insulin content of unstimulated cells. Results are means combined from at least 3 independent
experiments + SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 compared to the relative untreated control.

2.3. Acute Exposure to Butyrate Synergises Insulin Secretion by Secretagogues

The previous results demonstrated that 24 h treatment of BRIN-BD11 cells with 5 mM
sodium butyrate impaired their ability to respond to acute stimulation by glucose and
alanine. However, in the absence of any prior treatment with butyrate, inclusion of 5 mM
butyrate in the stimulation media enhanced the secretory response to alanine and glucose
(Figure 3a). Butyrate also tended to increase insulin secretion in the absence of alanine and
glucose; however, this was not significant (p = 0.09). To determine whether this may be
due to effects of HDAC inhibition on gene expression, cells were treated with butyrate
for 40 min, before addition of the stimulation media without butyrate. However, this
short-term butyrate treatment (40 min) failed to significantly enhance stimulated insulin
secretion (p = 0.43) (Figure 3b). The lack of stimulation following the removal of butyrate
suggests that the acute stimulatory effect is unlikely to be due to epigenetic effects and may
instead be due to effects mediated via FFAR binding and activation, or due to metabolism
of butyrate as an energy source.
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to 5 mM sodium butyrate with (stimulated) or without (basal) 10 mM alanine and 16.7 mM glucose; (b) effect of 40 min
treatment with 5 mM sodium butyrate followed by 20 min stimulation with 10 mM alanine and 16.7 mM glucose. Results
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2.4. Butyrate Upregulates the Disallowed Gene Hexokinase I in BRIN-BD11 and HepG2 Cells

Hexokinases phosphorylate glucose and other hexoses, and for glucose this creates
glucose 6-phosphate in the key first step of cellular glucose utilisation. Hexokinase I (HK1),
which has a low Km, is usually silenced in β cells and liver cells in favour of glucokinase,
which has a higher Km [15], although some residual expression is a feature of BRIN-BD11
cells [16]. However, 24 h exposure to 5 mM butyrate caused a substantial increase in
HK1 levels in both BRIN-BD11 cells and liver HepG2 cells (Figures 4a and 5a) but had no
effect on glucokinase (Figures 4b and 5b). Signs of increased expression of HK1 in HepG2
cells were apparent at 8 h of exposure to 5 mM butyrate and with 16 h treatment of TSA,
although this was not statistically significant as the degree of upregulation varied between
replicate experiments, reflected by the large SEMs (Figure 6).
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Figure 4. BRIN-BD11 immunoblots of hexokinases. Relative protein levels of (a) hexokinase I and
(b) glucokinase in BRIN-BD11 cells following treatment with 1 mM or 5 mM sodium butyrate for
24 h. The graph represents the mean combined density readings as normalised to GAPDH from three
independent experiments, with error bars representing SEMs. * p < 0.05.
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independent experiments, with error bars representing SEMs. ** p < 0.01.
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Figure 6. Time-course immunoblot for hexokinase I. Relative protein levels of hexokinase I in HepG2
cells following treatment with 1 mM or 5 mM sodium butyrate for 8 or 16 h or with 2.5 µM TSA for
16 h. The graph represents the mean combined density readings as normalised to GAPDH from three
independent experiments, with error bars representing SEMs.
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2.5. Butyrate Significantly Alters the Expression of Genes Implicated in β Cell Function
and Identity

Sodium butyrate (5 mM) had a significant effect on the mRNA expression of numerous
genes that have been linked to β cell function, as determined by RT qPCR (Figure 7). Hex-
okinase I was upregulated at the mRNA level in addition to that previously described at the
protein level (Figures 4 and 5). The important transcription factors for β cell development
and identity, Pdx1 (p = 0.06) and Hnf4a, were also upregulated, as was the insulin gene
itself and the cholesterol transporter genes Abca1 and Abcg1, both of which are important
to β cell function and insulin secretion [17]. Txnip, which encodes thioredoxin-interacting
protein and has been implicated in β cell apoptosis in T2D [18], was upregulated, as was
SREBF1, which encodes sterol regulatory element-binding protein 1, primarily known for
its role in fatty acid synthesis but also known to impair insulin secretion [19].
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Figure 7. qPCR of glucose metabolism genes. Relative gene expression in BRIN-BD11 cells treated
with 5 mM sodium butyrate compared to the untreated control (value of 1). Gene expression is
normalised to reference genes Actb and Rpl13a. Results represent the mean combined from three
independent experiments, with error bars representing SEMs. * p < 0.05, ** p < 0.01, **** p < 0.0001.

2.6. How Butyrate Activates HK1 Expression Remains Unclear

Chromatin immunoprecipitation (ChIP) was used to examine histone acetylation in
proximity to HK1 in HepG2 cells. HepG2 cells were used in this experiment rather than
BRIN-BD11 cells due to the residual expression of HK1 in these cells, possibly making any
changes more difficult to detect. A region in intron 1 was chosen, as this region has a strong
H3K9ac peak in other cell types but not in HepG2 cells, suggesting it may be important to
the activation and expression of HK1. However, butyrate had no significant effect on H3K9
acetylation or trimethylation, or on H4K8 acetylation in this region, when normalised to
either total H3 or to the control gene GAPDH (Figure 8). How butyrate activates HK1
expression therefore remains unclear.
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Figure 8. ChIP-qPCR results in proximity to HK1 normalised to (a) total H3 or (b) control gene values from HepG2 cells
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3. Discussion

Potent inhibition of HDAC activity in BRIN-BD11 cells over 24 h with 5 mM sodium
butyrate or 2.5 µM TSA significantly impaired both 24 h insulin secretion and secretion in
response to acute (20 min) stimulation with well-established potent secretagogues. This is
likely due to defects in both insulin production and secretion, since insulin content was
decreased by 24 h HDAC inhibition, and the percentage of total insulin content secreted
was also lower in cells subject to potent HDAC inhibition. It should be noted that insulin
secretion was not increased, and in fact was decreased, during the treatment period, so the
reduced content was not due to high levels of insulin secretion depleting stores. As insulin
mRNA was increased by 5 mM butyrate, it is unlikely that altered insulin gene expression
contributed to the reduced cellular insulin content. It is possible, however, that insulin
content may have been affected by influences on translation, processing, or degradation.
For example, the insulin ELISA used in this study only recognises mature insulin and thus
would not detect changes to the precursors preproinsulin and proinsulin [20].

The activation of hexokinase I expression, seen both in this study and in studies of
butyrate-treated RINm5F insulin-secreting cells [9,10], may contribute to the detrimental
effects of butyrate on both insulin content and GSIS. Glucokinase has a low affinity for
glucose, and thus is only active when glucose concentrations are high, whereas hexokinase
I is silenced in healthy β cells as it phosphorylates glucose at low concentrations, which
is inappropriate in insulin-secreting cells [15]. Furthermore, unlike glucokinase, low Km
hexokinases such as hexokinase I are inhibited by their product, thereby limiting their
activity in high-glucose environments. Therefore, hexokinase I expression would result in
inappropriate responses to both high and low glucose. Feeding hamsters high sucrose diets
has been found to increase islet hexokinase I expression, leading to hyperinsulinaemia [21],
and hexokinase I expression was found to increase with age, obesity and diabetes de-
velopment in rat islets [22]. While hexokinase I expression has been associated with β

cell dedifferentiation [23], the increased expression of transcription factors relevant to β

cell identity, such as Pdx1 and Hnf4a, as well as the insulin gene itself, suggest that more
generalised dedifferentiation has not occurred.

Exposing islets to high glucose (27 mM) for 48 h has been shown to impair insulin
secretion [24], associated with an increase in the proinsulin:insulin ratio [25]. Although
cellular insulin content is decreased by glucose overstimulation, this only partially ex-
plains the impaired insulin secretion [26]. It seems plausible that increased glucose sensing
due to hexokinase activity could have similar effects, especially as an increase in the
proinsulin:insulin ratio would explain the discord between increased insulin mRNA but
decreased insulin content seen in butyrate treated cells. This is comparable to the glucotox-
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icity thought to occur in T2D, where prolonged hyperglycaemia and subsequent demand
for insulin leads to a decline in β cell function and an eventual increase in β cell apoptosis,
possibly due to oxidative stress [27].

To explore the mechanism by which HDAC inhibitors increase hexokinase expression,
we examined histone acetylation in proximity to the HK1 gene in HepG2 cells using ChIP.
Using ENCODE data [28] an H3K9ac site in proximity to intron 1 of HK1 with low peak
strength in HepG2 cells compared to other cell types was identified. However, ChIP
experiments found no change in H3K9 or H4K8 acetylation in this region in butyrate-
treated HepG2 cells. Thus, the exact mechanism by which butyrate upregulates hexokinase
I remains unknown. Interestingly, it has been shown that the repression of hexokinase I
in healthy β cells is epigenetically controlled; Dhawan et al. [29] demonstrated increased
DNA methylation of the Hk1 promoter in β cells from adult mice compared to immature β

cells from neonatal mice, with increased binding of the DNA methyltransferase DNMT3A
in this region. Histone modifications, namely decreased H3K9 acetylation and increased
H3K27 methylation, have been found to play a role in the repression of two other genes
disallowed in β cells, Mct1 and Ldha [30]. ChIP-seq across the Hk1 locus in both β cells
and hepatocytes could elucidate the mechanism by which HDAC inhibition activates
hexokinase I expression.

We also noted increased expression of thioredoxin-interacting protein (Txnip) with
butyrate treatment. TXNIP inhibits thioredoxin, a thiol oxidoreductase that reduces ox-
idised proteins produced by reactive oxygen species [18]. The increase in Txnip mRNA
thus provides further evidence that HDAC inhibition can increase oxidative stress in β

cells; TSA has also been previously found to increase reactive oxygen species in insulin-
secreting cells [11]. In β cells, TXNIP is strongly upregulated by glucose and induces
apoptosis. TXNIP has been implicated as the link between chronic hyperglycaemia and β

cell death [18], and elevated TXNIP mRNA has been found in islets isolated from subjects
with diabetes [31]. While the observed increase in Txnip mRNA could be due to increased
glucose sensing as a result of hexokinase I expression, there is also evidence that TXNIP is
epigenetically controlled. Glucose increases histone acetylation in proximity to the TXNIP
gene and knockdown or inhibition of the histone acetyltransferase p300 ameliorates the
glucose-induced TXNIP upregulation. The increased Txnip expression could therefore be a
result of HDAC inhibition and subsequent increased histone acetylation; numerous other
studies have found that various HDAC inhibitors increase TXNIP expression [11,32–34].

Although 24 h treatment with butyrate was detrimental to insulin secretion, acute
exposure to butyrate enhanced the secretory response of BRIN-BD11 cells to alanine and
glucose. In agreement with this, a historical study by Manns et al. [35] in 1967 reported
that infusion of butyrate directly into the pancreatic artery of sheep resulted in a marked
increase in plasma insulin within 3 min. More recently, Lin et al. [36] found increased
plasma insulin 10 min after orally administering sodium butyrate to mice. This acute
secretion is unlikely to be due to changes in gene expression, i.e., due to HDAC inhibition,
as short-term (40 min) butyrate treatment prior to stimulation failed to significantly enhance
insulin secretion in our study. Instead, butyrate may act as a secretagogue through FFAR
activation or through direct metabolism of butyrate as an energy source. Butyrate is the
primary energy source for colonocytes [37], while, in vitro, butyric acid increased GSIS in
MIN6 cells but not in FFAR2 knockdown cells, suggesting it may be the actions of butyrate
as a FFAR agonist that can enhance insulin secretion [38]. Similar results with other SCFAs
were reported by Pingitore et al. [39] and Priyadarshini et al. [40], however, other studies
have suggested that FFAR activation impairs insulin secretion [41,42]; thus, uncertainty
remains regarding the role of FFARs in insulin secretion. It may be that the stimulatory
effects of the 1 mM butyrate after 24 h are also a result of FFAR activation or butyrate
metabolism, while the detrimental effects of HDAC inhibition are stronger at higher doses.
Conversely, it may be that positive effects on gene expression, such as upregulation of Pdx1,
Hnfa and insulin, have a greater impact on GSIS than the negative effects of upregulation
of Hk1 and Txnip at this lower dose.
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This study does have its limitations. In particular, the majority of experiments were
performed in a single cell line, and this cell line, BRIN-BD11, is defective in its expression
of hexokinase I [16], although HepG2 was used as a secondary cell line to explore effects
on HK1. Ideally, confirmatory experiments would be carried out in additional insulin-
secreting cell lines or, preferably, isolated islets from animal models, though as discussed in
the introduction, an effect in upregulating HK1 has previously also been shown in the RIN-
m5F β cell line. Additionally, ideally ChIP experiments would also be expanded to include
butyrate and TSA treated BRIN-BD11 and HepG2 cells across multiple genomic loci.

Butyrate and TSA are known to have poor systemic availability and are rapidly
metabolised [43–45]. Thus, the treatment times and doses used in this and other in vitro
studies are unlikely to reflect the in vivo effects of oral treatment. Most notably, rather than
impairing insulin secretion and β cell function, in high fat diet (HFD)-fed rodents, butyrate
supplementation reduced fasting glucose [5,6,46,47], decreased β cell hyperplasia [5,47],
and reduced signs of inflammatory response in islets [47]. In an ex vivo study of pancreatic
islets from mice fed a HFD with or without butyrate supplementation, butyrate increased
GSIS by increasing glucose-stimulated (16.7 mM) insulin secretion while reducing basal
(2.8 mM glucose) insulin secretion [5]. These in vivo and ex vivo effects may not be a
direct effect of HDAC inhibition in the β cell, but rather the result of butyrate affecting
other tissues. Butyrate stimulates the release of glucagon-like peptide 1 (GLP-1) from
intestinal cells both in vitro and in vivo [48,49], as also observed in a human trial [50], and
GLP-1 is an established enhancer of β cell function and insulin secretion [51]. It may also
be that cells are exposed to low doses of butyrate for a short time period, and thus the
low dose and acute butyrate treatments may be more reflective of in vivo effects than the
supraphysiological 24 h treatments.

4. Materials and Methods
4.1. Creation of Stock Solutions

Sodium butyrate (Sapphire Bioscience, NSW Australia) was dissolved in ultra-pure
distilled water to a concentration of 50 mM and stored at −20 ◦C. Trichostatin A (TSA)
(Cayman Chemical, MI, USA) was dissolved in dimethyl sulfoxide (DMSO) (Sigma-Aldrich)
to a concentration of 10 mM and stored at −20 ◦C or at −80 ◦C for long-term use.

4.2. Cell Culture and Treatments

BRIN-BD11 rat insulin-secreting cells were maintained in Roswell Park Memorial
Institute (RPMI) media (Sigma-Aldrich, CA, USA), supplemented with 10% foetal bovine
serum (FBS) (Fisher Biotec, WA, Australia) and 1% penicillin and streptomycin (Sigma-
Aldrich). HepG2 human hepatocellular carcinoma cells were maintained in Dulbecco’s
Modified Eagle’s medium: Ham’s F-12 Nutrient Mixture (DMEM:F12 media) (Sigma-
Aldrich) supplemented with 10% FBS and 1% penicillin and streptomycin. Cells were
maintained in 25 cm2 or 75 cm2 tissue culture flasks at 37 ◦C in a humidified incubator
equilibrated with 5% CO2. All cells tested negative for mycoplasma contamination. Cells
were seeded in 6-well plates, 96-well plates, 25 cm2 vented tissue culture flasks or 75 cm2

vented tissue culture flasks and allowed to recover overnight prior to treatment. All cells
were treated in media supplemented with 10% LPDS, as described in Bridgeman et al. [12].

4.3. Viability Assays

Viability was determined using alamarBlue® assay (ThermoFisher Scientific, MA,
USA). Following 22 h treatment in 96-well plates, alamarBlue® was added to the treatment
media and cells were incubated for a further 2 h. Fluorescence was then read using an
EnSpire Multimode Plate Reader (PerkinElmer, OH, USA) with an excitation wavelength
of 540 nm and an emission wavelength of 590 nm.
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4.4. Protein Extraction

Cells were scraped from confluent flasks then lysed on ice for 20 min in radioim-
munoprecipitation assay (RIPA) lysis buffer (Sigma-Aldrich) containing protease and
phosphatase inhibitors (Sigma-Aldrich). The lysate was sonicated 10 times for 10 s, then
centrifuged at 14,000 rpm for 10 min and the protein-rich supernatant was removed for
protein quantification by the bicinchoninic acid (BCA) method using the Pierce BCA Protein
Assay Kit (ThermoFisher Scientific).

4.5. Immunoblotting

Equal amounts of protein (20–30 µg depending on sample concentration and amount
of protein of interest in the sample) were denatured at 98 ◦C for 10 min in a solution con-
taining Bolt Sample Reducing Agent (ThermoFisher Scientific) and SDS Sample Loading
Buffer (Sigma Aldrich), then fractionated on Bolt™ 4–12% Bis-Tris Plus Gels (ThermoFisher
Scientific). Proteins were transferred to nitrocellulose membranes using the iBlot Gel Trans-
fer Device (Invitrogen) and blocked with 3% bovine serum albumin (BSA) (Bovogen, VIC,
Australia) in Tris-buffered saline with 0.1% Tween 20 (TBST) for at least 1 h. Membranes
were incubated overnight, with primary antibodies (Table 1) diluted in blocking buffer.
Membranes were incubated with the secondary antibodies conjugated to horseradish
peroxidase (HRP) (Table 1) in blocking buffer for at least 1 h, then washed 3 times with
TBST. Immunodetection and quantification were performed using the Amersham ECL
Prime Western Blotting Detection Reagent (GE Healthcare Life Sciences, IL, USA) and
the Chemi-Doc™ Gel Imaging System (Bio-Rad, CA, USA). Band density was measured
with Image Lab software (Bio-Rad) and normalised to the density of the housekeeping
protein GAPDH.

Table 1. Antibodies used in immunoblotting.

Target Type Product Company

GAPDH Mouse monoclonal ab8245 abcam

Glucokinase Rabbit polyclonal ab37796 abcam

Hexokinase 1 Rabbit monoclonal 2024 Cell Signalling

Goat anti-mouse IgG H&L (HRP) ab6789 abcam

4.6. Insulin Secretion
4.6.1. Insulin Secretion Assay

Following 24 h treatment with HDAC inhibitors in 96-well plates, media were trans-
ferred to a fresh plate, centrifuged to remove any cells, and the supernatant was stored at
−80 ◦C as ‘chronic’ insulin secretion samples. Cells were washed in PBS and incubated
for 40 min at 37 ◦C in Krebs Ringer Bicarbonate Buffer (KRBB, 115 mM NaCl, 4.7 mM KCl,
2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4·7H2O, 24 mM NaHCO3, 0.1% HEPES
(v/v), 0.1% BSA (w/v), pH 7.4) to allow the cells to metabolise any residual glucose. A
subset of previously untreated cells was treated for 40 min with 5 mM sodium butyrate
in the KRBB during this fasting stage. Subsequently, cells were washed in PBS and incu-
bated for 20 min at 37 ◦C with 10 mM alanine and 16.7 mM glucose in KRBB to robustly
stimulate insulin secretion [52]. A subset of previously untreated cells was given 5 mM
sodium butyrate in the stimulation media and a further subset used only KRBB ± 5 mM
sodium butyrate to determine if butyrate can act as a secretagogue. Media were then
transferred to a fresh plate, centrifuged to remove any cells, and the supernatant was
stored at −80 ◦C for later insulin measurement. RIPA lysis buffer (Sigma-Aldrich) was
added to cells for protein quantification using the Pierce BCA Protein Assay Kit (Ther-
moFisher Scientific). Insulin was assayed by sandwich enzyme-linked immunosorbent
assay (ELISA) using an ultrasensitive Insulin ELISA kit (Mercodia, Uppsala, Sweden) as
per the manufacturer’s instructions.
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4.6.2. Cellular Insulin Content

Following HDAC treatment as described above, unstimulated cells were washed with
PBS and incubated with acid ethanol (1.5% HCl in 70% ethanol) overnight at 4 ◦C. This
solution was transferred to a fresh plate and stored at −80 ◦C for later insulin quantification.
RIPA lysis buffer was added to cells for protein quantification as described above.

4.7. Gene Expression
4.7.1. RNA Extraction

RNA extraction was performed using the TRI reagent protocol as described by
Rio et al. [53] using 1-Bromo-3-chloropropane (BCP) in place of chloroform for phase sepa-
ration [54]. Treated cells in 6-well plates were washed twice in PBS and 300 µL TRI reagent
(Sigma-Aldrich) was added directly to cells. Following mixing, the solution was transferred
to 1.5 mL tubes, BCP was added, and tubes were vortexed and incubated at RT for 10 min.
Tubes were centrifuged at 14,000 rpm for 15 min at 4 ◦C and the top aqueous phase carefully
transferred to fresh low adherence 1.5 mL tubes. An equal volume of isopropanol was
then added and tubes were mixed by inversion and incubated at room temperature for
10 min. The tubes were then centrifuged at 14,000 rpm for 15 min at 4 ◦C, the supernatant
was removed, and the RNA pellet was washed twice with 75% ethanol and allowed to
air dry. Pellets were dissolved in nuclease-free water and allowed to equilibrate for 1 h
at room temperature. RNA was quantified using the NanoDrop 1000 spectrophotometer
(ThermoFisher Scientific), with purity considered sufficient if A260/A280 measured between
1.8–2.0. Samples were stored at −80 ◦C.

4.7.2. Reverse Transcription

Reverse transcription was performed using the SensiFAST™ cDNA Synthesis Kit
(Bioline) according to the manufacturer’s instructions. A total of 1 µg of RNA was used per
reaction in a 20 µL reaction mix containing reverse transcriptase and a blend of anchored
oligo dT and random hexamer primers. Reverse transcription was performed in a Veriti
96-Well Thermal Cycler (Applied Biosystems, MA, USA) with the following program:
25 ◦C for 10 min (primer annealing), 42 ◦C for 15 min (reverse transcription), 48 ◦C for
15 min (reverse transcription of complex RNA), 85 ◦C for 5 min (reverse transcriptase
inactivation), 4 ◦C hold (cooling). cDNA was diluted in 20 µL ultrapure water and stored
at 4 ◦C.

4.7.3. qPCR

Quantitative real-time PCR (qPCR) was performed using the DNA intercalating fluo-
rescent dye, SYBR-Green [55]. Predesigned KiCqStart®® SYBR®® Green Primers (Sigma-
Aldrich, sequences in Table 2) were dissolved in ultrapure water to a concentration of
100 µM and stored at −80 ◦C. Working primer mixes of 5 µM forward and reverse primers
in ultrapure water were stored at 4 ◦C. SensiFAST SYBR Lo-ROX Mix (Bioline) was used
with 200 nM primer mix, except for Actb and Rpl13a, where 100 nM primers were used
due to the presence of multiple peaks seen on melt curve analysis at 200 nM, a 2 µL cDNA
sample template and ultrapure water in a 10 µL reaction mix. qPCR was performed in a
CFX Connect Real-Time System (Bio-Rad) with the following program: 95 ◦C for 2 min,
followed by 40 cycles of 95 ◦C for 15 s, 57–62 ◦C for 15 s (Table 2) and 72 ◦C for 1 min.
Gene expression was normalised to Actb and Rpl13a reference genes. Normalised gene
expression (∆∆Cq) was calculated using Bio-rad CFX Manager 3.1 software.
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Table 2. Primers for qPCR experiments in BRIN-BD11 cells.

Gene Forward Primer Reverse Primer Annealing Temperature

Actb AAGACCTCTATGCCAACAC TGATCTTCATGGTGCTAGG 57–61◦ 1

Rpl13a GCACAAGACCAAAAGAGG CGCTTTTTCTTGTCATAGGG 57–61◦ 1

Hk1 AAACTCTGGGAAACAAAGG AAACTTGGTCTCAAAGATGC 57◦

Hnf4a TGTGTGAGTCTATGAAGGAG ATGTAGTCATTGCCTAGGAG 61◦

Pdx1 AAAGGTTACAAACTTGAGCG AAACAGCTCCCTTTATTCTC 59◦

Srebf1 AAACCTGAAGTGGTAGAAAC TTATCCTCAAAGGCTGGG 59◦

Ins1 AACGTGGTTTCTTCTACAC TCTCCAGTTGGTAGAGGG 61◦

Abcg1 GTTATGTTCTTTGATGAGCCC CCTTGACTTAGGACATAAAGC 57◦

Abca1 CATCTGAAAAACAGGTTTGG GGGAGAGAATGCTGAATATC 57◦

Txnip CGTCAATACTCCTGACTTAATG AAATGTCATCACCTTCACAG 61◦

1 Annealing temperature for reference genes varied to match that of the gene of interest in each assay.

4.8. Chromatin Immunoprecipitation

Histone modifications at specific genomic regions was determined by chromatin
immunoprecipitation (ChIP) using the abcam ChIP Kit. Cells were trypsinised and equal
numbers were lysed in a series of buffers from the ChIP Kit according to the manufacturer’s
instructions. The lysate was then sonicated in a buffer containing protease inhibitors
3 times for 10 s so as to shear chromatin. This was then incubated overnight at 4 ◦C on a
rotating rack with ChIP-grade antibodies against H3 (positive control), H3K9ac, H4K8ac
and H3K9me3 (Table 3), or frozen as input chromatin. Chromatin–antibody complexes
were then precipitated with protein A sepharose beads. Immunoprecipitated chromatin
and input chromatin were then purified with the provided DNA purifying slurry followed
by the addition of Proteinase K. The slurry was pelleted, and the supernatant was either
immediately used for qPCR or frozen at −80 ◦C.

Table 3. Antibodies used for ChIP.

Target Type Product Company

H3 Rabbit polyclonal ab1791 abcam

H3K9ac Rabbit polyclonal ab10812 abcam

H4K8ac Rabbit polyclonal ab15823 abcam

H3K9me3 Rabbit polyclonal ab8898 abcam

ChIP qPCR

ChIP primers were designed using the protocol from the Bridges Lab (http://bridgeslab.
sph.umich.edu, accessed on 30 July 2019) [56]. Genomic regions of interest were determined
using data from the Encyclopedia of DNA Elements (ENCODE) project [28]. H3K9ac
ChIP-seq data from HepG2 and other cell types from ENCODE were visualised using
the UCSC Genome Browser on the human Feb. 2009 (GRCh37/hg19) assembly (http:
//genome.ucsc.edu, accessed on 30 July 2019) [57]. An H3K9ac peak in proximity to
HK1 with varying peak strength in HepG2 cells compared to other cell types was chosen.
For GAPDH, used as a positive control, a region with strong H3K9ac peaks in multiple
cell types was chosen. DNA of the regions of interest was entered into Primer-BLAST
(www.ncbi.nlm.nih.gov/tools/primer-blast, accessed on 30 July 2019) and primers with
a PCR product size of 70–150 bp were obtained. Primers were ordered through Sigma-
Aldrich fully deprotected and desalted in de-ionized water at a concentration of 100 µM.
ChIP primers are listed in Table 4.

http://bridgeslab.sph.umich.edu
http://bridgeslab.sph.umich.edu
http://genome.ucsc.edu
http://genome.ucsc.edu
www.ncbi.nlm.nih.gov/tools/primer-blast
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Table 4. Primers used for ChIP qPCR.

Genomic Region Forward Primer Reverse Primer

GAPDH
exon 2 CCACATCGCTCAGACACCAT CATACGACTGCAAAGACCCG

HK1
intron 1 AGGTCAAAAAGGTGAGCCCC CTGCAGTCCAACTCGATGCT

qPCR was conducted as for gene expression using an annealing temperature of 63 ◦C.
Relative quantity (∆Cq) was calculated using Bio-rad CFX Manager 3.1 software.

4.9. Statistical Analysis

At least three independent replicates were conducted of each experiment. Statistical
significance was determined by analysis of variance (ANOVA) or Student’s t test depending
on the number of treatments being compared, with results considered significant if p < 0.05.
The analyses were conducted using GraphPad Prism software.
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