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Class IIa HDACs do not influence beta-cell function under normal or high
glucose conditions
Jacob McCann*, Megan Ellis*, Sean L. McGee , and Kathryn Aston-Mourney

Metabolic Research Unit, School of Medicine, Deakin University, Waurn Ponds, Australia

ABSTRACT
Inhibiting Class IIa Histone Deacetylase (HDAC) function is a promising approach to therapeuti-
cally enhance skeletal and cardiac muscle metabolic health in several chronic diseases including
type 2 diabetes. However, the importance of Class IIa HDACs in the beta-cell remains unknown. As
beta-cell function is vital to maintaining glycaemia it is essential that the importance of Class IIa
HDACs in the beta-cell is determined. Here we used the INS-1E cell line cultured in normal glucose
(11.1 mM) or hyperglycaemic (20 mM) conditions for 48 hrs to represent cells in a normal and
diabetic environment respectively. Cells cultured in high glucose showed significantly reduced
insulin secretory function and increased apoptotic signalling compared to cells cultured in normal
glucose. Class IIa HDACS, HDAC-4 and −5, were not regulated at the transcript or protein level
under normal or hyperglycaemic conditions suggesting that they may not play a role in beta-cell
dysfunction. Furthermore, overexpression of wild-type HDAC-4 and −5 or dominant negative
HDAC-4 and −5 did not alter insulin secretion, insulin mRNA expression or apoptotic signalling
under normal or hyperglycaemic conditions. This suggests that Class IIa Histone Deacetylases do
not play an important physiological role in the beta-cell under normal or diabetic conditions.
Thus, Class IIa Histone Deacetylase inhibitors are not likely to have a detrimental effect on beta-
cells supporting the use of these inhibitors to treat metabolic diseases such as type 2 diabetes.
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Introduction

Diabetes is characterised by two defects based
around the blood glucose lowering hormone insulin:
(1) insulin resistance, where the tissues such as mus-
cle do not respond to insulin adequately and (2)
beta-cell failure, where the insulin-producing beta-
cells in the pancreas don’t produce enough insulin.
One area of research within type 2 diabetes, specifi-
cally insulin resistance, which has been particularly
promising is the therapeutic potential of inhibiting
the Class IIa HistoneDeacetylases (HDACs)HDAC-
4 and HDAC-5.

Class IIa HDACs lack intrinsic HDAC catalytic
activity but repress gene expression by associating
with the myocyte enhancer factor-2 (MEF2) tran-
scription factors and recruiting a transcriptional cor-
epressor complex to MEF2-dependent genes.1 We
have shown that disruption of the Class IIa HDAC
corepressor complex (class IIa HDACs HDAC4 and
HDAC5 interacting with HDAC3, nuclear receptor
corepressor 2 (SMRT) and nuclear receptor

corepressor 1 (Ncor)) is a promising therapeutic
target to enhance metabolic health in chronic dis-
eases including type 2 diabetes as well as obesity,
cardiovascular disease and non-alcoholic fatty liver
disease.2,3 This corepressor complex is naturally dis-
rupted in skeletal muscle during exercise due to
phosphorylation-dependent nuclear export of
HDAC4 and HDAC5.4 Disruption of this complex
in skeletal muscle by expressing active site mutants
of HDAC4 and HDAC5 (that act in a dominant
negative manner), results in increased MEF2-depen-
dent transcription and increased expression of genes
involved in several metabolic pathways as well as
mitochondrial function.2,4 Therefore, pharmacologi-
cal targeting of the Class IIa HDAC corepressor
complex is a potential therapeutic strategy to
enhance metabolic health in chronic diseases.
However, while the effect of disrupting this complex
in skeletal muscle has been well validated, the effect
on the beta-cell is currently unknown. Given that
beta-cell function plays such a vital role in type 2
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diabetes, it is important that the effects of disrupting
the Class IIa HDAC corepressor complex specifi-
cally on beta-cells is determined.

Some previous work has identified a role for Class
IIa HDACs in the pancreas. HDAC4 and HDAC5
have been determined to be regulators of beta and
delta cell lineage.5 The absence of HDAC5 during
embryonic development results in an increase in
beta-cells, while the absence of HDAC4 results in an
increase in delta-cells.5 Conversely increased expres-
sion results in a decrease in these cell types.5 It is
unknown whether these results are due to the activity
of HDAC4 and HDAC5 as a complex with HDAC3,
SMRT and Ncor. Nonetheless, this research indicates
that pharmacological disruption of Class IIa HDAC
activity during development may be beneficial to
enhancing endocrinemass and provide amore robust
insulin secretory capacity in adulthood, which would
be beneficial in maintaining glycaemia and prevent-
ing/delaying type 2 diabetes. However, the effect of
disrupting HDAC4 and HDAC5 in adulthood is
unknown. As this is time point at which Class IIa
HDAC corepressor complex inhibitors would be
administered, it is important to determine what, if
any, effect the class IIa HDACs have on adult beta-
cells.

In the beta-cell specifically, HDAC-1 and −3 are
currently key targets for drug development.6 The
broad-spectrum HDAC inhibitors suberoylanilide
hydroxamic acid (SAHA; also known as vorinostat)
and trichostatin A (TSA) have been shown to protect
from cytokine-induced apoptosis in INS-1 beta-cells.7

Further, the panHDAC inhibitor, Givinostat, in com-
bination with CD3 antibody treatment, improved
beta-cell survival in a mouse model of type 1
diabetes.8 A general HDAC inhibitor (that induced
hyperacetylation of the Txnip gene) also protected
against glucotoxicity in INS-1 beta-cells in culture.9

More specifically, a HDAC3 inhibitor preserved beta-
cells by decreasing infiltration of mononuclear cells in
a type 1 diabetes model10 and improved beta-cell
function and mass in the Zucker diabetic fatty rat
model.11 Further, this inhibitor was able to decrease
cytokine- and glucose-induced apoptosis in INS-1E
beta cells in vitro.12 HDAC3 knock down in INS-1E
cells with siRNA also protected against cytokine-
induced apoptosis.13 Therefore there is adequate evi-
dence to conclude that HDAC3 plays a role in cyto-
kine-induced apoptosis and some evidence that itmay

also play a role in apoptosis induced by high glucose.
However, it remains unknown whether these effects
are due to the inhibition of HDAC3’s intrinsic activity
or the inhibition of HDAC3 acting in the Class IIa
HDAC corepressor complex along with HDAC-4
and −5. Further, the role of HDAC-4 and −5 in the
adult beta-cell remains unknown.

Given that HDAC-4/5 play an important meta-
bolic role in skeletal muscle, and that their partner
HDAC-3 plays an important role in apoptosis in the
beta-cell, it is possible that HDAC-4/5 may be
important regulators of beta-cell metabolism, apop-
tosis and survival. As HDAC-4/5 inhibitors are cur-
rently under development for the treatment of
several metabolic disorders, elucidating the role of
HDAC-4/5 and the effect of their inhibition on the
beta-cell is vital. In this study we investigated the
regulation of HDAC-4 and −5 under normal and
diabetic conditions, as well as the effect of increasing
and inhibiting their activity to determine whether
HDAC-4 and −5 inhibition is likely to be beneficial
or detrimental to the beta-cell.

Results

To determine whether the expression of Class IIa
HDACs, HDAC-4 and HDAC-5, are altered during
beta-cell failure, INS-1E beta cells were used as
a model. When INS-1E cells were cultured in normal
conditions, insulin secretion was increasedmore than
2.5 fold in response to stimulatory glucose concentra-
tions (Figure 1(a)). When INS-1E cells were main-
tained in high glucose culture conditions (20mM) for
48 hrs they exhibited a reduced response to stimula-
tory conditions compared to those cultured in nor-
mal control conditions (Figure 1(a)), thereby
mimicking a diabetes-like phenotype. Under these
conditions HDAC-4 and HDAC-5 did not show
any difference in expression at either the RNA or
protein level (Figure 1(b, c)). As high fat conditions
also contribute to the diabetic milieu we determined
HDAC-4 and HDAC-5 mRNA and protein levels in
response to a high palmitate environment as well as
a combined high glucose and palmitate environment.
In response to high palmitate HDAC-4 and HDAC-5
did not change at the level of mRNA (p = .53 and 0.40
respectively, n = 4) or protein (p = .75 and 0.76
respectively). In response to high glucose and palmi-
tate HDAC-4 andHDAC-5 also did not change at the
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mRNA (p = .40 and 0.41 respectively) or protein
(p = .36 and 0.69 respectively) level.

While HDAC-4 and HDAC-5 did not change in
response to high glucose and/or high palmitate,

their activity may still impact beta-cell function
and survival. In order to determine whether
HDAC-4 and HDAC-5 can affect beta-cell func-
tion (insulin secretion) or survival (as measured by
apoptotic signalling), INS-1E cells were transfected
with WT HDAC-4 and HDAC5 and treated with
normal and high glucose conditions. Transfected
cells showed a high level of overexpression of both
HDAC-4 and HDAC-5 (Figure 2(a)). High glucose
significantly decreased insulin secretion (Figure 2
(b)) while apoptotic signalling was significantly
increased (Figure 2(c)). However, neither insulin
secretion (Figure 2(b)) nor apoptotic signalling
(Figure 2(c)) was altered by HDAC-4 and −5 over-
expression compared with control cells. This indi-
cates that increased HDAC-4 and −5 has no effect
on beta cell function or survival under these
conditions.

In order to determine whether disruption of the IIa
HDAC corepressor complex could have a detrimental
effect on beta-cells, INS-1E cells were transfected with
DN HDAC-4 and HDAC-5 before beta-cell function
and survival was examined under both control and
high glucose conditions. Both DN HDAC-4 and −5
showed high levels of overexpression in the trans-
fected cells (Figure 2(a)). The expression of DN
HDAC-4 and −5 did not significantly alter insulin
secretion (Figure 2(b)) or apoptosis (Figure 2(c))
under control or high glucose conditions. There was
a visual trend for increased apoptotic signalling under
both normal and high glucose concentrations with
increased WT HDAC-4/5 however this was not sta-
tistically significant (p = .13 and 0.11 respectively).
However when comparing DN HDAC-4/5 to WT
HDAC-4/5 there was decreased apoptotic signalling
under high glucose concentrations.

Lastly, as beta-cell failure and high glucose culture
of beta-cell is well known to reduce insulin mRNA
levels we also determined whether overexpression of
WT or DN HDAC4 and −5 was associated with
a change in insulin mRNA levels. High glucose was
associated with a decrease in insulin mRNA in con-
trol, WT HDAC4/5 and DN HDAC4/5 transfected
cells (Figure 2(d)). However there was no difference
with WT HDAC4/5 or DN HDAC4/5 overexpres-
sion under normal or high glucose conditions
(Figure 2(d)).

Overall this suggests that HDAC-4 and −5 play no
role in beta-cell function. Furthermore, disruption of
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Figure 1. (a) Insulin secretion in response to basal (solid bars)
and stimulatory (dotted bars) glucose conditions, (b) HDAC-4
and −5 mRNA expression and (c) representative images of
HDAC-4, HDAC-5 and tubulin (loading control) western blots
and HDAC-4 and −5 protein expression in INS-1E cells cultured
for 48 hrs in normal (black bars) or high glucose (white bars)
conditions. *p < .05 and n.s. not significant vs. normal glucose,
Ϯp < .05 vs. basal. N = 4 independent experiments with insulin
secretion performed on 3 replicates for each condition.

114 J. MCCANN ET AL.



the IIa HDAC corepressor complex is likely to have
no detrimental effect, and possibly a small positive
effect to decrease apoptosis, on beta-cells.

Discussion

Class IIaHDACs have been shown to regulate islet cell
lineage during development, resulting in a reduced
beta-cell fraction.5 However, their role in the beta-
cell beyond the developmental stages is unclear. Here
we have shown that HDAC-4 and HDAC-5 play little
to no role in beta-cell function or survival in cultured
INS-1E beta cells. This indicates that inhibiting
HDAC-4 and HDAC-5 therapeutically is not likely
to negatively impact the beta-cells. Therefore,
HDAC-4/5 inhibitors under development could be
viable treatments to improve metabolic health in
other tissues with no deleterious effects on the beta-
cell. However, it is important to note that these inhi-
bitors will still need to have their specific effect on
beta-cells carefully investigated.

In this study, HDAC-4 and HDAC-5 expression
was unaltered under glucose-induced beta-cell dys-
function conditions indicating that there is no com-
pensatory change in response to either a high-glucose
environment or beta-cell dysfunction. Further,
increasing their expression or inhibiting their activity
had no effect on cell function or apoptosis. We
believe that this indicates that while other HDACs
may play important roles in the beta-cell,6-13 HDAC-
4 and HDAC-5 specifically do not on their own.
Nevertheless, it must be noted that while the
increased expression of HDAC-4 and HDAC-5 did
not affect beta-cell function or apoptosis, they may
still play as part of a complex under certain condi-
tions. For example, it has been shown that altering
the HDAC corepressor complex in skeletal muscle
results in altered fatty acid oxidation but not glucose
oxidation.2 Therefore it is possible that the lack of
effect on beta-cell function may be substrate specific
and that fatty-acid modulated insulin secretion may
be altered. However, given that inhibition of HDAC-
4 and HDAC-5 activity (with DN HDAC4/5) also
showed little effect, this would suggest that their
activity as part of any complexes is also not physio-
logically important under normal or glucotoxic con-
ditions. Aminor effect may be indicated by the trend
for increased apoptosis with increased HDAC4/5
and decrease apoptosis with DN HDAC4/5 however
this trend is not significant. Either way, given that
this possible minor effect is positive for HDAC4/5
inhibition it would only support the use of HDAC4/5
inhibitor’s clinically.
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Figure 2. (a) Representative images of HDAC-4, HDAC-5 and
tubulin (loading control) western blots, (b) insulin secretion in
response to basal (solid bars) and stimulatory (dotted bars)
glucose conditions, (c) apoptosis signalling and (d) insulin
mRNA expression in INS-1E cells transfected with control
plasmid (Ctrl), constitutively active HDAC 4 and HDAC-5 plas-
mids (HDAC4/5) or dominant negative HDAC-4 and HDAC-5
plasmids (DN HDAC4/5) and cultured for 48 hrs in normal
(black bars) or high glucose (white bars) conditions. *p < .05
vs. control, Ϯp < .05 vs. basal. N = 4–5 independent experi-
ments with insulin secretion and apoptosis signalling per-
formed on 3 replicates for each condition.
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Given that this study was carried out in INS-1E
cells, it is possible that HDAC4/5 inhibition may
have different effects in vivo. Cell lines, given that
they are immortalised or have an increased prolif-
erative activity, are different to native cells in vivo,
and while the INS-1E cell line is an excellent model
that shows comparable responsiveness to glucose
across the physiological range,14 it is susceptible to
the inherent cell line limitations. In particular, INS-
1E cells while being relatively differentiated, are still
somewhat dedifferentiated compared to native beta-
cells. As a major function of class IIa HDACs in
skeletal muscle is to maintain dedifferentiation of
myogenic precursors,15 it is possible that the dedif-
ferentiated state of INS-1E cells has masked the role
of HDACs in beta-cells. This could be particularly
relevant under hyperglycemic conditions where
beta-cell dedifferentiation has been observed in vivo.-
16 However, other studies using INS-1E cells have
shown effects of general HDAC inhibitors9,11,12 indi-
catingmore broadly that other classes of HDACs still
play important roles in this cell line suggesting this
cell line is physiologically relevant. Further, the pro-
tective effects of HDAC 1, 2 and 3 inhibition against
cytokine stress in INS-1E cells is transferrable to
islets11 suggesting that the roles of HDACs in INS-
1E cells and islets may be equivalent. Nevertheless,
further studies in vivo are warranted.

Overall, this study indicates that HDAC-4 and
HDAC-5 may not play an important physiological
role in the beta-cell and provides further evidence
towards the suitability of HDAC-4/5 inhibitors for
the treatment of metabolic disease.

Materials and methods

Cell Culture: INS-1E cells were maintained in
RPMI 1640 media (Life Technologies) containing
11.1 mM glucose, 10% heat-inactivated foetal calf
serum (In Vitro Technologies), 10 mM HEPES
(Life Technologies), 1 mM Sodium Pyruvate (Life
Technologies), 1% penicillin/streptomycin (Life
Technologies) and 0.05 mM 2-mercaptoethanol
(Sigma Aldrich) at 37 ⁰C and 5% CO2. For high
glucose and high palmitate conditions this media
was supplemented with glucose up to a final con-
centration of 20 mM and/or 0.1 mM palmitate

(complexed to BSA at 1:3) and cells treated for
48 hrs.

Transfections: performed using Lipofectamine LTX
and Plus reagent (Thermo Fischer Scientific) accord-
ing to the manufacturer’s instructions. Two controls
groups were employed, a non-transfected group and
a control empty plasmid transfected group, no statis-
tical difference was found between the two in either of
the main outcomes (insulin secretion and apoptosis)
therefore only the control plasmid is shown. INS-1E
cells were transfected with plasmids expressing wild
type (WT) HDAC4 (pFLAG CMV5 HDAC4) and
HDAC5 (pDest26 HDAC5) or mutant HDAC4
(D840N) and HDAC5 (D870N) that disrupt interac-
tions withNcor1 and act in a dominant negative (DN)
manner.2,17 Following an overnight transfection, cells
were treated for 48 hours with normal glucose
(11.1 mM) or high glucose (20 mM).

Glucose-Stimulated Insulin Secretion: as pre-
viously described.18 Briefly treated INS-1E cells
were set to basal conditions with 2 mM glucose for
30 mins followed by 45 min incubation at 2 mM
(basal) or 20 mM (stimulated) glucose. The amount
of insulin secreted was determined using the mouse
insulin ultra-sensitive ELISA kit (ALPCO) as per the
manufacturer’s instructions.

Real Time PCR: Total RNA was extracted from
INS-1E cells using the RNeasy Mini Kit (Qiagen),
and cDNA synthesised using the Maxima H minus
First Strand cDNA synthesis kit (ThermoFisher
Scientific). HDAC-4 and HDAC-5 expression levels
were determined via real-time PCR using Luminaris
SYBR (ThermoFisher Scientific) and calculated as
2^−Ct and normalised to total cDNA content as mea-
sured by Quant-IT OliGreen ssDNA Assay Kit
(Molecular Probes, Life Technologies). Primers;
HDAC4 F: GCA GAG GTT GAG CGT GAG,
HDAC4 R: AAG TTC CCA TCG TAG CG;
HDAC5 F: AGC AGC GGC AGG AAG, HDAC5 R:
TGT GGG AGG GAA TGG TTG AGG.

Western Blotting: as previously described.2 Briefly
INS-1E cells were collected in protein lysis buffer (0.05
M Tris, pH7.5, 0.001 M EDTA. 10% EGTA, 1%
Glycerol, 0.05 M Triton X-100, 0.005 M NaF, 0.001
M NaPyrophosphate, 0.001 M Na3PO4, DTT, PIC,
MilliQ H2O). 20 µg of sample was separated via SDS-
PAGE (8% Acrylamide/Bis-acrylamide gel), trans-
ferred to PVDF membrane (Thermo Scientific) and
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blocked with 1% BSA (Bovogen Biologicals). Primary
antibodies; HDAC4 (4A3) (Cell Signalling), HDAC5
(B-11) (Santa Cruz Biotechnologies) and α-tubulin
(B-512) (Sigma Aldrich), and secondary antibodies:
Anti mouse (7076s) and anti-rabbit (7074s) (Cell
Signalling). For visualisation, ECL HRP Chemilu-
minescent Substrate Reagent Kit (Invitrogen) was
used.

Apoptosis: measured using the Caspase-Glo 3/7
Assay kit (Promega) as per the manufacturer’s
instructions.

Statistical Analysis: All data was found to be nor-
mally distributed (Kruskal-Wallis test). Groups were
compared by ANOVA with LSD post-hoc analysis
using SPSS software. A p < .05 was considered signifi-
cant. All data are presented as average + Standard
Error of the Mean (SEM).
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