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Abstract

Our group previously demonstrated that an excess of nutrients, as observed in diabetes, provokes an increase in cardiac protein
acetylation responsible for a reduced insulin-stimulated translocation of the glucose transporter GLUT4 to the plasma membrane. The
acetylated proteins involved in this event have yet not been identified. a-Tubulin is a promising candidate as a major cytoskeleton
component involved, among other things, in the translocation of GLUT4-containing vesicles from their intracellular pools toward the
plasma membrane. Moreover, a-tubulin is known to be acetylated, Lys40 (K40) being its best characterized acetylated residue. The
present work sought to evaluate the impact of a-tubulin K40 acetylation on cardiac glucose entry, with a particular interest in GLUT4
translocation. First, we observed that a mouse model of high-fat diet-induced obesity presented an increase in cardiac a-tubulin K40
acetylation level. We next showed that treatment of insulin-sensitive primary cultured adult rat cardiomyocytes with tubacin, a specific
tubulin acetylation inducer, reduced insulin-stimulated glucose uptake and GLUT4 translocation. Conversely, decreasing a-tubulin K40
acetylation by expressing a nonacetylable dominant form of a-tubulin (mCherry a-tubulin K40A mutant) remarkably intensified insulin-
induced glucose transport. Finally, mCherry a-tubulin K40A expression similarly improved glucose transport in insulin-resistant cardio-
myocytes or after AMP-activated protein kinase activation. Taken together, our study demonstrates that modulation of a-tubulin K40
acetylation level affects glucose transport in cardiomyocytes, offering new putative therapeutic insights regarding modulation of glu-
cose metabolism in insulin-resistant and diabetic hearts.

NEW & NOTEWORTHY Acetylation level of a-tubulin on K40 is increased in the heart of a diet-induced mouse model of type 2
diabetes. Pharmacological stimulation of a-tubulin K40 acetylation lowers insulin-mediated GLUT4 vesicles translocation to the
plasma membrane, reducing glucose transport. Expressing a nonacetylable dominant form of a-tubulin boosts glucose uptake in
both insulin-sensitive and insulin-resistant cardiomyocytes.

acetylation; cardiac metabolism; glucose uptake; GLUT4; tubulin

INTRODUCTION

The heart requires a large amount of energy to sustain its
continuous mechanical work. Cardiac energy reserve being
limited, the heart needs to constantly adapt its metabolism to
the availability of the various circulating substrates to ensure
efficient energy production. Under physiological conditions,
the heart preferentially uses fatty acids in fasted state and car-
bohydrates in postprandial state. This metabolic flexibility is
essential for optimal cardiac function (1, 2) and is altered in
several metabolic diseases, including type 2 diabetes (3, 4).
Indeed, the diabetic heart progressively loses its ability to
stimulate glucose metabolism in response to insulin and

therefore mostly relies on lipids to generate ATP. In the long
term, this preferential use of fatty acids becomes deleterious
for cardiac function. Among other things, it participates in
the development of mitochondrial dysfunction and oxidative
stress, lowering ATP production and contractile efficiency (5).
Understanding the mechanisms responsible for metabolic
inflexibility installment is therefore crucial when considering
new therapeutic approaches to prevent cardiac dysfunction
during diabetes. From this perspective, elucidation of the reg-
ulatory mechanisms controlling glucose utilization and par-
ticularly its transport across the plasma membrane, the first
limiting step of its catabolism, is of great interest. In cardio-
myocytes, stimulation of glucose entry largely depends on the
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facilitated glucose transporter GLUT4 (6–8). In the basal state,
GLUT4 is mostly retained in specialized intracellular vesicles
named GLUT4 storage vesicles (GSVs) (9, 10). Insulin secre-
tion in response to a postprandial rise in glycemia leads to a
large relocation of GLUT4 to the cell surface by promoting
GSVs migration toward the cardiomyocyte periphery and
their fusion with the plasma membrane, which results in a
strong stimulation of cardiac glucose uptake (11–13).

It is known that an excess of ATP-generating substrates
such as fatty acids, ketone bodies, and leucine, as observed in
diabetes (14, 15), induces a defect in insulin-dependent GLUT4
translocation in cardiomyocytes (16, 17). We recently demon-
strated that such an inhibition can be explained by a rise in
protein acetylation (17). With the goal of identifying acetylated
proteins potentially involved in glucose uptake inhibition, we
hypothesize that tubulin is a promising candidate. a-Tubulin,
with its partner b-tubulin, forms the microtubule network
used as tracks for GSVs migration from cytoplasmic pools to
the plasmamembrane (18, 19). Additionally, a-tubulin was the
first nonhistone protein discovered to be acetylated, Lys-40
(K40) being its best-characterized acetylation site (20, 21) (Fig.
1A). Mostly studied in neurobiology, a-tubulin K40 acetylation
level is controlled by a specific cytosolic acetyltransferase
called a-tubulin acetyltransferase (a-TAT) (22, 23), whereas
two cytosolic deacetylases, HDAC6 and SIRT2 were identified
to manage a-tubulin deacetylation, the first one being consid-
ered as the predominant a-tubulin deacetylase (24, 25).
Intensive investigation has been performed to elucidate the
impact of a-tubulin K40 acetylation on microtubule stability
(26–29). Results remain controversial but recent publications
suggest that a-tubulin acetylation on K40 regulates microtu-
bule dynamics by weakening interactions between protofila-
ments, the linear arrangements of subunits that constitute the
microtubule wall (30–32). On the other hand, it has been dem-
onstrated that an intact microtubule network is required for
proper GLUT4 translocation (33). But, as far as we know, the
role of a-tubulin acetylation onGLUT4 translocation has never
been assessed. Here, we show that a-tubulin K40 acetylation
levels increase in the heart of a high-fat diet (HFD)-mediated
mouse model of type 2 diabetes. We also demonstrate that
increasing a-tubulin K40 acetylation using the pharmacologi-
cal compound tubacin reduces GLUT4 translocation, glucose
uptake, and glycolysis upon insulin stimulation. On the con-
trary, decreasing a-tubulin K40 acetylation by overexpressing
a nonacetylable dominant form of a-tubulin stimulates glu-
cose transport and metabolism in both control and insulin-re-
sistant conditions, uncovering the possibility of targeting
a-tubulin K40 acetylation to correct defective glucose uptake
in the heart.

MATERIALS AND METHODS

Animal Care

Animal handling was approved by local authorities (Comit�e
d’�ethique Facultaire pour l’Exp�erimentation Animale, 2016/
UCL/MD/027 and 2021/UCL/MD/015) and conformed to the
Guide for the Care and Use of Laboratory Animals published
by the National Institutes of Health (NIH Publication No. 85-
23, Revised 1996).

High-Fat Diet Mouse Model

Eight-week-old C57BL6/N male mice (Janvier laborato-
ries) were fed 4 mo with a regular diet (chow diet, CD, Safe
diets, Safe A04, No. U822G10R) or a high-fat diet (HFD)
(Research diet, No. D12492) before euthanasia. Mice have
been randomly distributed into one or the other diet group
and their weight was followed weekly.

Glucose Tolerance Test and Euthanasia

After 4 mo of diet, an intraperitoneal glucose tolerance
test (IPGTT) was performed to evaluate glucose homeostasis.
Animals were fasted for 6 h, with free access to water during
the entire experiment. Mice were weighted and the extrem-
ity of the tail was incised to obtain a small drop of blood,
which was placed on the test strip of the blood glucometer
(Bayer, ContourXT). The value obtained corresponds to the
fasting blood glucose level. Then, a bolus of glucose diluted
in 0.9% NaCl (1 g/kg) was injected in the intraperitoneal cav-
ity and glycemia was measured again at 15, 30, 60, 90, and
120 min after the injection of glucose. Four days after IPGTT,
mice were anesthetized, and the heart was rapidly collected
and washed in cold phosphate-buffered saline (PBS) before
freeze clamping.

Primary Culture of Adult Rat Cardiomyocytes

Adult rat cardiomyocytes were isolated as previously
described (34). Hearts from anesthetized 250-g male Wistar
rats were excised and perfused retrogradely via the aorta.
After 10 min of perfusion with Ca2þ -free Krebs-Henseleit
buffer [5 mM glucose, 2 mM pyruvate, 10 mMHEPES (pH 7.4)
and 150 mM NaCl], hearts were digested by adding 0.2 mM
Ca2þ , 1 mg/mL type 2 collagenase (Worthington), and 0.4%
(wt/vol) fatty acid-free bovine serum albumin (BSA). Hearts
were then removed from the perfusion apparatus and
mechanically disrupted using scissors. Ca2þ was progres-
sively increased in the medium to reach a final concentration
of 1 mM. Cardiomyocytes were purified by sedimentation and
distributed equally in laminin-coated dishes after resuspen-
sion in medium 199 [supplemented with 2 mM carnitine, 5
mM creatine, 5 mM taurine, 10�10 M T3, 0.2% (wt/vol) fatty
acid-free BSA, and antibiotics]. Cardiomyocytes were treated
according to the figure legends. Insulin resistance was
induced by a 24-h hyperinsulinemic pretreatment (100 nM in-
sulin) as described (34).

Tissue and Cell Lysis

For heart tissue, proteins were extracted with Ultra-turrax
in RIPA lysis buffer [50 mM Tris (pH 8), 150 mM NaCl, 5 mM
EDTA, 1% (vol/vol) NP-40, 0.5% (wt/vol) sodium deoxycho-
late, 0.1% (wt/vol) SDS, 0.5 mM PMSF, 1 mM benzamidine-
HCl, 1 mg/mL leupeptine, 1 mg/mL pepstatin A, 1 mM DTT, 1
mM Na3VO4, 10 mM EX527, and 1 mM TSA). Lysates were then
centrifuged (3,500 g, 10 min, 4�C), and protein content was
determined with bicinchoninic acid assay according to the
manufacturer instructions (Thermo Scientific, No. 23235).
Cultured cardiomyocytes were lysed in 50 mM Tris·HCl (pH
7.5), 1 mM EDTA, 1 mM EGTA, 0.27 M sucrose, 1% (vol/vol)
Triton X-100, 20 mM glycerol-2-phosphate, 50 mM NaF, 5
mMNa4P2O7, 0.5 mMPMSF, 1 mMbenzamidine-HCl, 1 mg/mL
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leupeptine, 1 mg/mL pepstatin A, 1 mMDTT, 1 mMNa3VO4, 10
mM EX527, and 1 mM TSA. Lysates were then centrifuged
(3,500 g, 10 min, 4�C), and protein content was measured
with Bradford assay.

Measurement of Glucose Uptake and Glycolysis

Glucose uptake and glycolysis were assessed by following
the detritiation rate of [2-3H]-glucose and [3-3H]-glucose,
respectively (34). Briefly, for the last 30 min of treatment, 0.2
mCi/mL of [2-3H]-glucose or [3-3H]-glucose was added to the
cell culture medium. After acid precipitation of proteins, triti-
ated water accumulated from glucose detritiation was sepa-
rated from tritiated glucose by borate-coupled column
chromatography andmeasured with a scintillation counter as
described (34).

Immunoblot Analysis

Tissue and cell lysates were used to study protein expres-
sion, phosphorylation, and acetylation levels by immunoblot-

ting. The complete set of antibodies used in the present study
can be found in the Supplemental Table S1 (see https://doi.org/
10.6084/m9.figshare.17026496). Band intensity was quantified
by ImageJ software and normalized with internal eukaryotic
elongation factor 2 (eEF2) or glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). Quantification of phosphorylated or
acetylated forms of proteins implied additional normalization
relative to their respective total form. The original uncropped
images of the blots presented in the figures can be found in
Supplemental Fig. S9 (all Supplemental Figures are available at
https://doi.org/10.6084/m9.figshare.17026436).

Evaluation of GLUT4 Translocation to the Plasma
Membrane

The adenoviral construct expressing hemagglutinin (HA)-
GLUT4-green fluorescent protein (GFP) was kindly provided
by Dr. Corley Mastick (Department of Biochemistry and
Molecular Biology, University of Nevada, Reno, NV) (35).
Exogenous GLUT4 was tracked thanks to the fusion of GFP

Figure 1. Global protein acetylation and
a-tubulin K40 acetylation are increased in
an HFD-mediated diabetic mouse model. A:
schematic representation of physiological
and pharmacological regulation of a-tubulin
K40 acetylation. Characterization of HFD-
induced diabetic mouse model with body
weight evolution during 4 mo of diet (B), gly-
cemia measurement during intraperitoneal
glucose tolerance test (IPGTT) (C), quantifi-
cation of the areas under the curve of
IPGTT (D), and fasting glycemia (E) at 4 mo
of diet. F: immunoblot analysis of global pro-
tein acetylation, K40 acetylated a-tubulin,
and total a-tubulin with GAPDH as loading
control in mouse hearts after 4 mo of CD or
HFD and their respective quantification rela-
tive to CD (G and H); n = 6 to 7 animals/
group. Values are expressed as means ±
SE. Statistical analysis was performed via
unpaired Student’s t test (for D, E, G, and H)
or two-way ANOVA (for B and C). �P �
0.05 relative to control group. Ac, acety-
lated; CD, chow diet; HFD, high-fat diet;
IB, immunoblot; K, lysine; Tot, total; Tub,
tubulin.

TUBULIN ACETYLATION CONTROLS CARDIAC GLUCOSE UPTAKE

H1034 AJP-Heart Circ Physiol � doi:10.1152/ajpheart.00664.2021 � www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at Univ Catholique Louvain Bruxe (130.104.192.016) on May 24, 2022.

https://doi.org/10.6084/m9.figshare.17026496
https://doi.org/10.6084/m9.figshare.17026496
https://doi.org/10.6084/m9.figshare.17026436
http://www.ajpheart.org


at the GLUT4 carboxyl terminus. In addition, an HA epitope
was inserted in the first exofacial loop of GLUT4, allowing
the exclusive detection of GLUT4 inserted into the plasma
membrane of nonpermeabilized cardiomyocytes. Primary
cultured adult rat cardiomyocytes were plated on laminin-
coated coverslips and were infected with HA-GLUT4-GFP
adenovirus at a multiplicity of infection (MOI) of 10 for 48 h
(36). After 10-min fixation with 4% (wt/vol) paraformalde-
hyde and 30 min blocking with 5% (wt/vol) BSA-PBS, non-
permeabilized cells were incubated for 1 h with a primary
antibody targeting HA epitope, followed by 1 h incubation
with a secondary fluorescent antibody (see Supplemental
Table S1 for antibody references). Red fluorescence coming
from Alexa Fluor and intrinsic green fluorescence of GFP
were visualized under a Zeiss Imager.Z1 microscope
equipped with an ApoTome device. Red fluorescence (HA-
staining) corresponding tomembrane GLUT4 was quantified
relative to GFP (total exogenous GLUT4) by ImageJ software.

Adenoviral Cloning of mCherry a-Tubulin K40A

An adenoviral particle expressing a K40A mutated form of
a-tubulin fused to mCherry (mCherry a-tubulin K40A) was
generated using the Adeasy system (Agilent Technologies).
The pcDNA3 plasmid containing the cDNA coding for
mCherry a-tubulin protein was kindly provided by Roger
Tsien’s laboratory (37) and the mutagenesis of K40 into an al-
anine residue was performed in Fr�ed�eric Saudou’s laboratory
(28). Briefly, mCherry a-tubulin K40A cDNA was amplified
from the pcDNA3 plasmid before being inserted in the
Adeasy pShuttle-CMV vector. Linearized pShuttle-mCherry
a-tubulin K40A was transformed into BJ5183 bacteria, which
contained the pAdEasy vector, allowing recombination. After
amplification and linearization, the viral vector was trans-
fected into HEK293T cells for adenoviral amplification.
Amplified adenoviruses were purified on cesium chloride gra-
dient as described (38).

Immunofluorescent Staining of Total a-Tubulin and K40
Acetylated a-Tubulin

Primary cultured cardiomyocytes were plated on laminin-
coated coverslips. At the end of the experiment, cells were
fixed with 4% (wt/vol) paraformaldehyde for 10 min at room
temperature. Blocking and permeabilization were achieved
with a 30 min incubation with a 2% (wt/vol) BSA-PBS solu-
tion containing 0.2% (vol/vol) Triton X-100. Cells were
incubated with a primary antibody targeting total a-tubu-
lin or K40 acetylated a-tubulin for 1 h and then with a sec-
ondary antibody coupled to an Alexa Fluor (references in
Supplemental Table S1). Mutated a-tubulin K40A was
visualized thanks to the fused mCherry domain. Pictures
were taken with LSM800 confocal microscope.

Statistics

Results are expressed as means ± SE. Statistical signifi-
cance was calculated with GraphPad Prism 9 using
unpaired Student’s t test when comparing two conditions
or by one- or two-way analysis of variance (ANOVA) for
multiple comparisons with Dunnett’s or Sidak’s post hoc
test, respectively. A P value of 0.05 or less was considered
statistically significant.

RESULTS

a-Tubulin K40 Acetylation Level Is Increased in a Diet-
Induced Mouse Model of Diabetes

We first evaluated the impact of diet-induced diabetes
on cardiac a-tubulin K40 acetylation level. Mice were fed
for 4 mo with HFD or regular chow diet (CD) and a signifi-
cant weight gain was observed in mice under HFD (Fig.
1B). Induction of diabetes in the HFD model was validated
by showing a glucose intolerance (Fig. 1, C and D) and an
increase in fasting glycemia (Fig. 1E) compared with con-
trol animals. As previously described in similar diet-
induced diabetic models (39), HFD treatment promoted an
increase in global cardiac protein acetylation levels, as fol-
lowed by immunoblot using an anti-pan-acetyl lysine anti-
body (Fig. 1, F and G). Analogously, the specific a-tubulin
K40 acetylation level was also found to be increased in the
heart of HFD-fed mice (Fig. 1, F and H), suggesting that
cardiac a-tubulin may be one of the proteins sensing ex-
cessive substrates. HFD leads to metabolic overfueling,
resulting in an increase in acetyl-CoA production. As the
substrate of acetyltransferases, this increase in acetyl-CoA
production looks sufficient to explain the rise in protein
acetylation. Nevertheless, we also studied the expression
of SIRT1 (the main cytosolic deacetylase), HDAC6 and
SIRT2 (assumed deacetylases of a-tubulin K40). As shown
in Supplemental Fig. S1, HDAC6 and SIRT2 expression
were slightly increased in the heart of HFD mice, whereas
we did not observe any change in SIRT1 expression. The
increase in HDAC6 and SIRT2 expression may reflect the
effort of the cells to counteract the global increase in pro-
tein acetylation.

Increase in a-Tubulin K40 Acetylation Level Inhibits
Glucose Transport and Glycolytic Flux in Adult
Cardiomyocytes

To assess the role of a-tubulin K40 acetylation level on
glucose transport, we incubated primary cultured adult rat
cardiomyocytes with tubacin, a well-described selective
HDAC6 inhibitor, the deacetylase responsible for tubulin
deacetylation (Fig. 1A) (40). HDAC6 inhibition by increasing
concentrations of tubacin (up to 30 mM, 5 h) progressively
enhanced a-tubulin K40 acetylation level (being significant
from 1 mM and reaching a plateau around 10 mM) without
affecting total a-tubulin protein level (Fig. 2,A and B). In line
with previous studies showing high specificity of tubacin to-
ward a-tubulin acetylation (40), the global protein acetyla-
tion profile showed an increased signal for a single band
located around 55 kDa that likely corresponds to tubulin mo-
lecular weight (Fig. 2A). According to these results, a dose of
10 mM tubacin was chosen to study the impact of an increase
in a-tubulin K40 acetylation on basal glucose uptake and in-
sulin-induced glucose uptake after 3 nM insulin stimulation,
corresponding to the insulin half-maximal effective concen-
tration (EC50). Tubacin-mediated elevation of a-tubulin K40
acetylation was associated with a 40% reduction of both basal
and insulin-induced glucose uptake (Fig. 2, C and E).
Remarkably, relative insulin stimulation remained unchanged
in both groups, with a respective 5.1- and 6.6-fold increase in
the absence or presence of tubacin, suggesting that insulin
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response per se was not impacted by HDAC6 inhibition.
Interestingly, insulin-stimulated glycolytic flux was also
impaired by tubacin treatment, suggesting that reduction of
glucose transport is reflected on its downstream catabolism
(Fig. 2D). However, decrease in glucose uptake and glycolysis
does not seem to be caused by an inhibition of the insulin sig-
naling pathway as insulin-mediated phosphorylation of PKB/
Akt, themain effector of insulin pathway, remained unaffected
by tubacin treatment (Fig. 2F). This is also strengthened by the
fact that tubacin was able to further inhibit insulin-stimulated
glucose transport in cells presenting an insulin resistance
(Supplemental Fig. S2). It is interesting to note that the inhibi-
tory effect of tubacin-mediated a-tubulin K40 acetylation on
glucose transport was not due to an alteration of the microtu-
bule network, as its structure was similar in control and tuba-
cin-treated cardiomyocytes (Supplemental Fig. S3). Taken

together, these results highly suggest that an increase in
a-tubulin acetylation on K40 negatively regulates glucose
transport in cardiomyocytes, without any impact on insulin
signaling pathway andmicrotubule integrity.

Increased a-Tubulin K40 Acetylation Level Inhibits
GLUT4 Translocation to the Plasma Membrane

We then evaluated tubacin effect on GLUT4 translocation
from vesicular pools to the plasma membrane along the
microtubule network. For this purpose, cardiomyocytes
were infected with an adenoviral construct coding for a chi-
meric protein where a hemagglutinin-tagged GLUT4 was
fused to the green fluorescent protein (HA-GLUT4-GFP).
This construct has already been successfully used for similar
evaluation (17, 35). Detection of GFP intrinsic fluorescence
(green) allows the monitoring of the total expressed GLUT4

Figure 2. HDAC6 pharmacological inhibi-
tion increases a-tubulin K40 acetylation
and inhibits glucose transport and glycoly-
sis in cardiomyocytes. A: immunoblot anal-
ysis of a-tubulin K40 acetylation, total
a-tubulin, global lysine acetylation, and
eEF2 as loading control from primary cul-
tured adult rat cardiomyocytes treated with
increasing concentrations of tubacin (0 to
30 mM, 5 h). B: a-tubulin K40 acetylation
quantification relative to 30 mM tubacin-
treated cells (n = 5 biological replicates).
Glucose uptake (C) and glycolytic flux (D)
measured in cardiomyocytes treated or not
with 10 mM tubacin for 5 h in presence or
absence of 3 nM insulin for the last 30 min.
Numbers in histogram bars indicate the rel-
ative increase in glucose uptake (C) in
response to insulin compared to their re-
spective controls (n = 3–5 biological repli-
cates). E and F: immunoblot analysis of
a-tubulin K40 acetylation, total a-tubulin,
and PKB/Akt phosphorylation after a 5-h
incubation with or without 10 mM tubacin
and in presence or absence of 3 nM insulin
for the last 30 min and their quantification
compared with tubacin-treated cells with
insulin (n = 3 biological replicates). Values
are expressed as means ± SE. Statistical
analysis was carried out by one-way (B) or
two-way (C–F) ANOVA. $P � 0.05 relative
to respective tubacin-untreated cells; �P �
0.05 relative to respective insulin-unstimu-
lated cells. Ac, acetylated; IB, immunoblot;
K, lysine; Tot, total; Tub, tubulin.
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pool, whereas immunofluorescent staining (red) of the HA
tag, located in an extracellular loop of GLUT4, specifically
reflects GLUT4 inserted into the plasma membrane of
nonpermeabilized cardiomyocytes (Fig. 3A). As previously
shown (17), insulin stimulation of infected cardiomyocytes
promoted GLUT4 translocation to the plasma membrane
(Fig. 3, B and C). More interestingly, a 5 h pretreatment
with 10 mM tubacin abolished such insulin-induced
GLUT4 translocation. These data strongly suggest that an
increase in a-tubulin K40 acetylation reduces the presence
of GLUT4 at the plasma membrane upon insulin stimula-
tion, therefore offering a possible explanation for tubacin-
mediated decrease in glucose uptake.

Overexpression of a Nonacetylable Form of a-Tubulin
Enhances Basal and Insulin-Stimulated Glucose Uptake

We also investigated the effect of a decrease in a-tubulin
K40 acetylation level on cardiac glucose transport by over-
expressing a nonacetylable form of a-tubulin, where K40 is
replaced by an alanine residue (K40A) (28, 41). This
mutated a-tubulin was fused to the mCherry domain
(mCherry a-tubulin K40A) to evaluate its cellular localiza-
tion (37). Primary cultured cardiomyocytes were infected
with an adenoviral construct coding for the chimeric pro-
tein 48 h before any treatment to allow transgene expres-
sion and protein integration into the microtubule system.
We used an adenovirus coding for the b-galactosidase as
control because the corresponding mCherry a-tubulin

K40K was not acetylated when overexpressed in the time-
frame used, so acting similarly to the mutated a-tubulin
K40A (data not shown). We first checked the integration of
mCherry a-tubulin K40A, and Fig. 4A clearly shows a simi-
lar and typical microtubule network organization when
comparing the endogenous a-tubulin in control cardiomyo-
cytes (infected with control adenovirus coding for b-galac-
tosidase and immunolabeled in red using an anti-a-tubulin
antibody) with the overexpressed mCherry a-tubulin K40A
in cardiomyocytes infected with the mutant construct (fol-
lowing red mCherry intrinsic fluorescence). In comparison,
treating control cardiomyocytes with nocodazole, a well-
known inhibitor of microtubule polymerization, resulted in
a completely different organization corresponding to a dis-
organized tubulin network, which is accompanied by
impaired glucose uptake (Supplemental Fig. S4). This
highly suggests that the mutant protein correctly incorpo-
rates into microtubules. Increasing expression of mCherry
a-tubulin K40A was then detected by Western blot at the
expected molecular weight of 85 kDa (55 kDa þ 30 kDa for
a-tubulin and mCherry, respectively), whereas endogenous
a-tubulin was detected around its predicted weight of 55
kDa (Fig. 4B). As expected, mCherry a-tubulin K40A was
not detected by the anti-K40 acetylated a-tubulin antibody
(Fig. 4B). More interestingly, such overexpression progres-
sively reduced endogenous a-tubulin K40 acetylation level
as observed by Western blot (Fig. 4B), showing the capacity
of this construct to act as a dominant negative, as described

Figure 3. Tubacin inhibits GLUT4 translo-
cation to the plasma membrane. A: sche-
matic representation of fusion protein HA-
GLUT4-GFP. B: immunolabeling of GLUT4
translocation in primary cultured adult rat
cardiomyocytes infected 48 h with HA-
GLUT4-GFP pretreated 5 h with or without
10 mM tubacin and treated or not with 3
nM insulin for the last 30 min. C: GLUT4
translocation quantification reflected by
red (HA) on green (GFP) ratios of pixel in-
tensity quantified by Axiovision/ImageJ
and expressed compared with tubacin-
and insulin-untreated cells. White arrows
indicate cell plasmatic membrane localiza-
tion. Values are expressed as means ± SE
of 3 independent experiments relative to
the control group. Statistical analysis was
realized using two-way ANOVA. �P� 0.05
relative to respective insulin-unstimulated
cells; $P� 0.05 relative to respective tuba-
cin-untreated cells. GFP, green fluorescent
protein; HA, hemagglutinin.
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previously (28). Similarly, the increase in endogenous
a-tubulin K40 acetylation induced by tubacin was reduced
in the presence of mCherry a-tubulin K40A (Supplemental
Fig. S5). An anti-pan-acetylated lysine Western blot con-
firmed the decrease in acetylation levels of the presumed
endogenous a-tubulin band around 55 kDa. Of particular in-
terest, this antibody did not detect any band corresponding
to themCherry a-tubulin K40A (around 85 kDa), confirming
tubacin specificity toward the exclusive acetylation of
a-tubulin (Supplemental Fig. S5).

We then evaluated the effect of mCherry a-tubulin K40A on
basal and insulin-stimulated glucose uptake. Decrease in

a-tubulin K40 acetylation level promoted by this dominant
form was accompanied by a significant increase in basal glu-
cose uptake (Fig. 5A). The insulin dose-response curve next
gave a classical sigmoidal shape in both control cells and cells
overexpressing mCherry a-tubulin K40A with stimulation of
glucose uptake starting at around 1 nM and reaching a maxi-
mum at 10 nM (Fig. 5B). PKB/Akt phosphorylation level fol-
lowed a similar profile (Fig. 5C). More interestingly, the
expression of the nonacetylable a-tubulin mutant sensitized
cardiomyocytes to insulin, with enhanced glucose transport at
every insulin concentration used. Downstream glucose entry
into the cells, both basal and insulin-stimulated glycolytic

Figure 4. Overexpressing a nonacetylable
a-tubulin (mCherry a-tubulin K40A) integra-
tes microtubule network and decreases
endogenous a-tubulin acetylation level on
K40. A: microtubule network organization:
immunolabeled endogenous a-tubulin in
primary cultured adult rat cardiomyocytes
infected with b-galactosidase-expressing
adenovirus (left) and mCherry a-tubulin
K40A in primary cultured adult rat cardio-
myocytes infected with adenoviral particles
encoding for mCherry a-tubulin K40A
(right). B: immunoblotting in cardiomyo-
cytes infected with increasing doses of ad-
enovirus coding for mCherry a-tubulin
K40A (0 to 300 MOI): endogenous a-tubu-
lin immunoblotting (around 55 kDa) or im-
munoblotting and quantification (relative to
100 MOI infection) of mCherry a-tubulin
K40A (�85 kDa) (left) and K40 acetylation
immunoblotting of mCherry a-tubulin K40A
and endogenous a-tubulin and its relative
quantification to control cardiomyocytes
(right). White arrows indicate cell plasmatic
membrane localization. Values represent
means ± SE of 3 independent experiments.
One-way ANOVA was performed for statis-
tical analysis. #P � 0.05 relative to cells
infected with control adenovirus. Ac, acety-
lated; b-Gal, b-galactosidase; IB, immuno-
blot; Tot, total; Tub, tubulin.
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fluxes were similarly increased by overexpression of the nona-
cetylable a-tubulin K40Amutant, independently of the insulin
signaling pathway (Fig. 5D and Supplemental Fig. S6). To
definitively rule out the role of insulin signaling, we also tested
the effect of the a-tubulin K40A mutant on the stimulation of
glucose uptake by another pathway, namely, the AMP-acti-
vated protein kinase (AMPK). Accordingly, the stimulation of
glucose transport in response to the AMPK activator oligomy-
cin (1 mM, 1 h) was significantly enhanced by the K40Amutant
overexpression (Supplemental Fig. S7). Together, these data
support the fact that decreasing acetylation level of a-tubulin
on K40 increases both glucose transport and glycolysis.

mCherry a-Tubulin K40A Overexpression Enhances
Glucose Uptake in Insulin-Resistant Cardiomyocytes

Because insulin signaling pathway does not seem to be
involved in the modulation of glucose uptake by a-tubulin

K40 acetylation, we investigated whether mCherry a-tubulin
K40A overexpression could rescue insulin-stimulated glu-
cose uptake in insulin-resistant cardiomyocytes that exhibit
impaired insulin signaling and glucose transport. For that
purpose, we used primary cultured cardiomyocytes where
acute insulin resistance was promoted by a 1-day preexpo-
sure to a supraphysiological concentration of insulin (34). As
demonstrated before (34), such exposition nicely recapitu-
lated an insulin-resistant state, characterized by the loss of
insulin response in terms of both signaling (PKB/Akt phos-
phorylation) and glucose uptake (Fig. 6 and Supplemental
Fig. S8) that are independent of a-tubulin K40 acetylation
level increase. According to our previous experiments, over-
expression of mCherry a-tubulin K40A reduced a-tubulin
K40 acetylation level and increased both basal and insulin-
stimulated glucose uptake in insulin-sensitive cells (Fig. 6).
Although it similarly decreased a-tubulin K40 acetylation in

Figure 5. Decreased a-tubulin K40 acety-
lation promotes glucose uptake and glycol-
ysis in insulin-sensitive cardiomyocytes. A:
glucose uptake measurement in primary
cultured adult rat cardiomyocytes infected
for 48 h with control adenovirus coding for
b-galactosidase or with increasing doses
of adenovirus coding for mCherry a-tubulin
K40A (up to 300 MOI) (n = 3–8 biological
replicates). Glucose uptake (B) and immu-
noblot analysis of phosphorylated and total
PKB/Akt, K40 acetylated, and total a-tubu-
lin (C) in cardiomyocytes overexpressing
mCherry a-tubulin K40A (100 MOI) or b-ga-
lactosidase (adeno control) and treated
with increasing concentrations of insulin (0
to 30 nM) for the last 30 min (n = 3 to 4 bio-
logical replicates). D: glycolytic flux meas-
ured in cardiomyocytes infected with
adeno control (b-galactosidase) or mCherry
a-tubulin K40A for 48 h and treated or not
with insulin 3 nM for the last 30 min (left)
and their immunoblot analysis of phospho-
rylated and total PKB/Akt, K40 acetylated
and total a-tubulin (right) (n = 3 biological
replicates). Quantification of those immuno-
blots can be found in Supplemental Fig. S6.
Values are expressed as means ± SE.
Statistical analysis was carried out via one-
way (A) or two-way (B and D) ANOVA.
#P � 0.05 relative to cells infected with
control adenovirus; �P � 0.05 relative to
respective insulin-unstimulated cells. Ac,
acetylated; b-Gal, b-galactosidase; IB, im-
munoblot; Tot, total; Tub, tubulin.
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insulin-resistant cells (Fig. 6 and Supplemental Fig. S8), it did
not restore their capacity to respond to insulin. Nevertheless,
it led to a global increase in glucose uptake to reach levels
higher than those observed in insulin-sensitive cardiomyo-
cytes (Fig. 6). From all these experiments, we can conclude
that reducing a-tubulin K40 acetylation level improves global
glucose uptake in cardiomyocytes and that such an interven-
tion can bypass insulin resistance to increase glucose uptake.

DISCUSSION

We previously showed that an excess of nutrients rapidly
increases cardiac protein acetylation level, resulting in the in-
hibition of insulin-stimulated glucose uptake via a defect in
GLUT4 translocation (17). Indeed, the catabolism of ATP-pro-
viding nutrients mainly converges to the production of acetyl-
CoA that not only feeds the Krebs cycle but also fuels acetyl-
transferases that promote a global increase in protein acetyla-
tion under overfueling conditions (42). However, the precise
molecular mechanisms by which protein acetylation reduces
glucose uptake and the identity of the acetylated proteins
involved in this process remain undetermined. The results pre-
sented here demonstrate that among many proteins, acetyla-
tion of a-tubulin on K40 is an important piece of the puzzle.
To summarize, we showed that 1) cardiac a-tubulin K40 acety-
lation level is increased in a chronic context of diabetes result-
ing from HFD; 2) increasing a-tubulin K40 acetylation by the
specific HDAC6 inhibitor, tubacin, reduces glucose entry and
glycolysis in cardiomyocytes; and, conversely, 3) reducing
a-tubulin K40 acetylation level, by expressing a nonacetylable

form of a-tubulin, boosts glucose uptake and glycolysis in
both insulin-sensitive and insulin-resistant cardiomyocytes.
Altogether, this work proposes that an increase in a-tubulin
K40 acetylation is an important event, but probably not the
only one, that impairs GLUT4 trafficking and subsequent glu-
cose uptake. Therefore, reducing a-tubulin K40 acetylation
level may be an interesting lead to improve glucose uptake in
pathological contexts, for example, as an additive mean to
restore glucose homeostasis in patients with diabetes.

It is interesting to notice that modulating a-tubulin K40
acetylation affects both basal and insulin-induced glucose
uptake without altering the amplitude of insulin signaling and
response. One explanation could lie in the alteration of the
dynamic retention model of GLUT4, which proposes that
the transporter undergoes continuous exocytosis/endocy-
tosis cycles controlling its presence at the plasma mem-
brane, even in basal state, and that insulin enhances its
exocytosis rate (43). It is therefore tempting to speculate that
a-tubulin acetylation impacts trafficking along microtubules,
which could actively participate in the regulation of this
dynamic model. This hypothesis is reinforced by the fact that
tubacin-mediated a-tubulin K40 acetylation impairs insulin
stimulation of GSVs translocation to the plasma membrane.
One could therefore postulate that a-tubulin K40 acetylation
either impairs GLUT4 exocytosis, stimulates its endocytosis,
or reduces the pool of GLUT4 vesicles available for transloca-
tion. This hypothesis is supported by the fact that AMPK is
described to regulate these three events (44).

Converging evidence in literature indicates that K40-acety-
lated a-tubulin rather favors recruitment to the microtubule

Figure 6. Decreased a-tubulin K40 acety-
lation promotes glucose uptake in insulin-
resistant cardiomyocytes. Glucose uptake
and immunoblotting of total a-tubulin and
a-tubulin K40 acetylation or phosphoryl-
ated and total PKB/Akt in primary cultured
adult rat cardiomyocytes infected with
control b-galactosidase adenovirus or with
mCherry a-tubulin K40A adenovirus (100
MOI) for 24 h before inducing or not insu-
lin resistance through a 24-h exposition to
100 nM insulin. Cardiomyocytes were then
treated or not with 3 nM insulin for the last
30 min. Quantification of those immuno-
blots is available in Supplemental Fig. S8.
Values are expressed as means ± SE of 3
independent experiments. Effect of K40A
overexpression has been analyzed by
two-way ANOVA on the full data set,
whereas insulin effect has been analyzed
by two-way ANOVA in each subgroup
(adeno control (b-Gal.) and mCherry
a-tubulin K40A adenoviruses). #P � 0.05
relative to cells infected with adeno con-
trol (b-Gal); �P � 0.05 relative to insulin-
unstimulated cells. Ac, acetylated; b-Gal,
b-galactosidase; IB, immunoblot; Tot, total;
Tub, tubulin.
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network of motor proteins such as dynein or kinesin, suggest-
ing a global acceleration of vesicular trafficking (25, 26, 28). To
fully address this question, it will be highly valuable to assess
more deeply how intracellular GLUT4 trafficking is affected
by a-tubulin K40 acetylation. Beyond GLUT4 trafficking,
a-tubulin K40 acetylation may also affect trafficking of other
important cardiac transporters located in vesicles such as the
fatty acids transporter CD36. A better comprehension of these
events could increase our general knowledge of pathologies,
such as diabetes, in which acetylation is globally increased.

One may wonder whether tubacin-mediated glucose
uptake inhibition could result from nonspecific effects of
tubacin. Several arguments may nevertheless reduce the
possibility of any major tubulin-independent action of tuba-
cin. First, Haggarty et al. (40) deeply characterized the inhib-
itor and showed that tubacin does not promote histone
acetylation or gene expression, ruling out unspecific effects
of tubacin on other members of HDAC family. Therefore,
tubacin can be considered as specific, if not evenmore, as ge-
netically deleting HDAC6 that would inevitably affect all
HDAC6 targets. Accordingly, we showed that tubacin
increases the intensity of a unique band corresponding to
a-tubulin molecular weight in the global protein acetylation
Western blot. Finally, the decrease in a-tubulin K40 acetyla-
tion resulting from mCherry a-tubulin K40A expression
largely hinders tubacin inhibitory effects on glucose uptake.

We can also question the importance of a-tubulin K40
acetylation in the decrease in glucose uptake under insulin-
resistant situations. Indeed, a-tubulin K40 acetylation was
not modified in our acute cellular model of insulin resist-
ance, suggesting that acetylation of a-tubulin K40 may not
be part of the initial defect causing the loss of insulin-stimu-
lated glucose transport in cardiomyocytes. However, a-tubu-
lin K40 acetylation is clearly exacerbated in our chronic in
vivo diabetic model. This observation suggests that a-tubulin
K40 acetylation may contribute to the development or may
sustain the defect in insulin-stimulated glucose uptake at
more advanced diabetes stages. Therefore, a-tubulin K40
acetylation represents an attractive target for stimulating
glucose uptake in chronic pathologies characterized by insu-
lin resistance. Accordingly, we expressed a nonacetylable
mutant form of a-tubulin in our insulin-resistant cellular
model with the idea of challenging the beneficial effect of a
reduction of a-tubulin K40 acetylation levels. We showed
that this mutant promotes a general improvement in glucose
transport. However, it does not strictly reinstate insulin
response. In other words, a-tubulin K40 acetylation reduc-
tion allows bypassing the loss of insulin signaling by promot-
ing an insulin-independent increase in glucose uptake.
Assuming that a-tubulin acetylation is similarly coupled to
glucose uptake in skeletal muscle, we can also postulate that
a-tubulin K40 acetylationmay therefore constitute a promis-
ing candidate for pharmacological intervention to normalize
overall glycemia in patient with diabetes in complement to
existing medication.

Novelty and Limitations of The Study

It is the first time that a-tubulin K40 acetylation is shown
to directly control glucose metabolism by inhibiting GLUT4
translocation. In addition to previously described roles of

protein acetylation in the control of cardiac metabolism (42),
it could contribute to the cardiac metabolic inflexibility and
the establishment of diabetic cardiomyopathy. Future exper-
imentation will aim to identify the underlying mechanisms
involved and the other actors regulating this complex event,
directly or indirectly. In line, it will be highly valuable to
assess the role of a-tubulin acetylation in an in vivo model,
and without overexpression, to complete our current results
with cardiac functionmeasurements.
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